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SUNDAY 


APRIL  28, 19% 


3rd  FLOOR  REGISTRATION  AREA 

6:30-8:30pm 

Registration 


MONDAY 


APRIL  29, 1996 


3rd  FLOOR  REGISTRATION  AREA _ 

7:00am-5:30pm 

Registration 

FAIRFAX  A&B  _ 

8:15-8:30am 
Opening  Remarks 

8:30-1 0:00am 

IMA  •  Plenary  Session 

David  O.  Yevick,  Queens  University,  Canada,  Presider 

8:30am  (Plenary) 

IMA1  •  The  challenging  road  towards  a  high-performance  WDM 
technology,  T.  L.  Koch,  SDL,  Inc.  Technical  issues  to  be  addressed 
include  long-term  source  channel  capacity,  wavelength  stability 
and  reliability,  increased  demultiplexer  capacity,  channel 
selectivity  and  decreased  loss,  and  choosing  among  the  rich  set 
of  technical  possibilities  for  implementing  the  new  functions  of 
wavelength  add-drops,  wavelength  conversion,  and  even 
wavelength  cross-connect  switches.  This  talk  surveys  available 
technological  solutions  and  new  emerging  approaches,  compared 
on  the  basis  of  fundamental  design  limitations  and  practical 
fabrication  and  implementation  issues  that  affect  both  performance 
and  cost.  (p.  2) 

9:1  5am  (Plenary) 

IMA2  -  How  can  integrated  optics  for  Telecom  become  a  big 

business?,  Laura  Weller-Brophy,  3M  Connpany,  John  P.  Ryan,  Ryan, 
Hankin,  Kent,  Inc.  The  deployment  of  optical  fiber  in  the  long- 
haul,  distribution,  and  drop  portions  of  telecommunications 
networks  is  driving  the  development  and  manufacture  of  integrated 
optic  components.  In  particular,  the  NTT  fiber-in-the-loop  program 
may  for  the  first  time  bring  truly  high-volume  demand  for 
integrated  optic  devices  and  change  the  nature  of  this  market. This 
paper  looks  at  the  international  market  forces  supporting  the  scale- 
up  of  volume  production  of  integrated  optic  components,  and  at 
the  implications  for  device  manufacturers,  vendors,  and  technol¬ 
ogy  developers.  We  report  requirements  for  further  innovation  in 
integrated  optics  in  order  to  achieve  deployment  cost  targets  while 
improving  optical  device  and  network  performance,  (p.  3) 

INDEPENDENCE  BALLROOM _ 

10:00-1 0:30am 
Coffee  Break 


FAIRFAX  A 


10:30am-1 2:00m 

IMB  •  Numerical  Methods  for  Guided  Wave  Optics, 

Shunji  Seki,  NTT  Opto-electronics  Laboratories,  Japan,  Presider 

1 0:30am 

IMB1  •  Efficient  three-dimensional  vector-wave  analysis  of 
wavelength  multiplexers  using  arrayed-waveguide  gratings, 
W.-K.  Wang,  F.  Tong,  IBM  T.  J.  Watson  Research  Center.  An  effi¬ 
cient  three-dimensional  analysis  of  N  3  N  arrayed-waveguide 
grating  multi/demultiplexers  is  presented  by  use  of  the  vector- 
wave  mode-matching  method  and  the  theory  of  aperture  antennas. 

(p.  8) 

1  0:45am 

IMB2  •  Vectorial  analysis  of  optical  waveguide  bends  using  finite- 
difference  method,  Sangin  Kim,  Anand  Gopinath,  Univ.  Minnesota. 
Optical  waveguide  circular  bends  are  analyzed  by  solution  of  the 
vector  Heimhortz  equations  in  terms  of  transverse  components  of 
electric  field  in  the  cylindrical  coordinates,  (p.  12) 

1 1 :00am 

IMB3  •  Full  vector  beam-propagation  method  for  bent  channel 
waveguides,  Michael  Rivera,  Univ.  Arizona.  A  finite  difference 
formulation  of  the  full  vector  wave  equation  in  cylindrical 
coordinates  is  presented,  which  is  useful  for  bent  channel 
waveguide  analysis.  A  Crank-Nicolson  scheme  with  an  iterative 
method  Is  used  to  solve  the  problem.  Field  profiles  will  be  shown 
for  a  semiconductor  ridge  waveguide,  (p.  16) 

11:15am 

IMB4  •  Numerical  implementation  of  the  Bremmer  coupling 
series,  Mattheus  j.  N.  van  Stralen,  Hans  Blok,  Delft  Univ.  Tech¬ 
nology,  The  Netherlands;  Maarten  V.  de  Hoop,  Colorado  School 
of  Mines.  The  Bremmer  coupling  series  is  proposed  as  an  alterna¬ 
tive  to  beam  propagation  methods,  its  numerical  implementation 
is  discussed  and  applied  to  model  multimode  interference 
combiners,  (p.  20) 

11:30am 

IMB5  •  The  perfectly  matched  layer  boundary  condition  for  the 
simulation  of  guided-wave  optical  devices,  W.  P.  Huang,  C.  L. 
Xu,  W.  Lui,  K.  Yokoyama,  NTT  Opio-electronics  Laboratories, 
Japan.  The  perfectly  matched  layer  boundary  condition  is  applied 
to  simulation  of  guided-wave  optical  devices  by  solutions  of 
Helmoltz  equation,  its  effectiveness  is  verified  by  examples, 
(p.  24) 


V 


1 1 :45am 

IMB6  «  Noniterative  finite-difference  scheme  formodal  calcula¬ 
tions^  Wayne  W.  Lui,  Wei-Ping  Huang,,  Kiyoyuki  Yokoyama,  NTT 
Opto-e!ectronics  Laboratories,  Jafaan.  A  novel  finite-difference 
scheme  is  derived  for  the  discretization  of  the  Helmholtz  equa¬ 
tion  along  the  boundary,  thereby  eliiiiinating  the  need  for  any 
artificially  imposed  boundary  conditions  for  modal  calculations, 
(p.  27) 

12:00m-1 :30pm 
Lunch  on  Own 

FAIRFAX  B 


1 0:30am-1  2:1 5pm 

IMC  °  Symposium  on  Array-based  WDM  Devices 
Da\' id  L.  Wcidman,  Corning,  Inc.,  Prcsidcr 

1  0:30am  (Invited) 

IMC1  »  Silica-based  planar  lightwave  circuits  for  WDAA  systems, 
Yasuyuki  Inoue,  NTT  Opto-electronics  Laboratories,  Japan.  Basic 
wavelengtli-division  multiplexers  fal^ricated  with  silica-based 
planar  lightwave  circuit  technologies  are  descril:)ed,  and  their 
applications  are  briefly  reviewed  with  emphasis  on  NTT's  achieve¬ 
ments,  (p.  32) 

1 1 :00am 

//MC2  «  First  polymeric  phased  array  wavelength  demultiplexer 
operating  at  1550  nm,  L.  H.  Spiekman,  M.  K.  Smit,  Delft  Univ. 
Technology,  The  Netherlands;  M.  B.  j.  Diemeer,  T.  H.  Hoekstra, 
Akzo  Nobel  Central  Research,  The  Netherlands.  A  compact,  fiber- 
compatible  polymeric  8  3  8  phased  array  wavelength 
demultiplexer  for  operation  in  the  EDFA  window  is  realized  with 
9  cIB  fiber-to-fiber  loss  and  2  20  dB  crosstalk,  (p.  36) 

1 1 :1  Sam 

!MC3  •  Filtering  Characteristics  of  virtually  imaged  phased 
array,  M.  Shirasaki,  Fujitsu  Laboratories,  Ltd.,  Japan.  A  virtually 
imaged  phased  array,  created  through  multi-reflection  in  a  tlhn 
plate  of  glass,  shows  practical  characteristics  for  a  high-density 
WDM  filter.  Both  broad  transmission  bandwidth  and  suppressed 
crosstalk  are  obtained  by  use  of  a  split-core  output  waveguide. 
(p.40) 

1 1 :30ami 

IMC4  »  Use  of  multimode  Interference  couplers  to  broaden  the 
pass-band  of  dispersive  integrated,  WDM  filters].  B.  D.  Soole, 
M.  R.  Amersfoort,  H.  P.  LeBlanc,  N.  C.  Andreadakis,  A.  Rajhel,  C. 
Caneau,  R,  Bhat,  M.  A.  Koza,  Bellcore;  C.  Youtsey,  I.  Adesida, 
Univ.  Illinois.  We  discuss  the  use  of  multimode  interference 
couplers  iMMI^  to  broaden  and  flatten  the  pass-band  of  integrated 
V, aveiength-dispersive  WDM  filters  such  as  the  arrayed  waveguide 
grating,  (p.  44) 

1 1 :45am 

IMC5  »  The  elimination  of  sidelobes  in  the  arrayed  waveguide 
WDM,  S.  Day,  j.  P.  Stagg,  D.  Moule,  S.  J.  Clements,  C.  Rogers,  S. 
Ojha,  T.  Clapp,  J.  Brook,  j.  Morley,  BNR  Europe  Ltd.,  UK.  Arrayed 
waveguide  WDMs  with  4  nm  channel  spacing  are  fabricated  with 
better  than  2  32  dB  of  crosstalk.  Coupling  effects  and  mask  quan¬ 
tization  errors  are  shown  to  be  important  parameters  that  can 
limit  the  crosstalk,  (p.  48) 


12:00m 

IMC6  o  Loss  reduction  for  phased-array  demultiplexers  using  a 
double  etch  technique,  C,  van  Dam,  M.  K.  Smit,  Delft  Univ.  Tech¬ 
nology  The  Netherlands;  A.  A.  M.  Staring,  E.  j.  Jansen,  J.  J.  M. 
Binsma,  T.  Van  Dongen,  B.  H.  Verbeek,  Philips  Optoelectronics 
Centre,  The  Netherlands.  A  method  is  presented  for  reducing  the 
loss  of  phased-array  wavelength  demultiplexers.  Loss  reduction 
of  1.7  dB  for  TE  polarization  and  1.3  dB  for  TM  polarization  is 
demonstrated  experimentally,  (p.  52) 

1 2:1 5-1 :30pm 
Lunch  on  Own 

FAIRFAX  A 


1 :30-2:45pm 

IMD  ®  Passive  and  Active  Component  Modeling 

J .  M .  Z a v a d a ,  U.5.  A rm y  R csea rch  Offi cc,  Pres idcr 

1 :30pm 

IMD1  o  Design  of  planar  optical  waveguide  corners  with  turn¬ 
ing  mirrors,  Wei  Yang,  Anand  Gopinath,  Univ.  Miinne.sota.  We 
demonstrate  that  a  wide  turning  mirror  with  flared  guides  provides 
the  lowest  excess  loss,  (p,  58) 

1 :45pm 

IMD2  »  Electromagnetic  modeling  of  optical  guided-wave  con¬ 
trolled  micro-strip  circuits,  Essam  S.  Tony,  Siijeet  K.  Chaudhuri, 
Univ.  Waterloo,  Canada.  Modeling  of  the  guided  wave  control  of 
micro-strip  circuits  is  investigated.  Techniques  for  modeling  the 
microwave  and  optical  components  of  the  device  are  presented, 
(p.  64) 

2:00pm 

iMD3  ^  Dynamic  beam  propagation  method  for  modeling  pulse 
propagation  in  flared  semiconductor  laser  amplifiers,  S.  Balsamo, 
F.  Sartori,  G.  Perrone,  C.  Naddeo,  I.  Montrosset,  Politecnico 
di  Torino,  Italy;  C.  Giuliano,  R.  K.  Sink,  P.  Blixt,  J.  E.  Bowers, 
Univ.  California-Santa  Barbara.  We  present  a  dynamic  beam 
propagation  method  to  simulate  short-pulse  propagation  in  flared 
semiconductor  laser  amplifiers.  Examples  of  results  for  different 
structures  are  shown,  (p.  68) 

2:15  pm 

IMD4  Optoelectronic  feedback  control  of  chaotic  dynamics  in 
external  cavity  laser  diodes,  S.  !.  Turovets,  K.  A.  Shore,  Univ. 
Wales,  J.  Dellunde,  Univ.  Barcelona,  Spam.  We  show  that  tailored 
optoelectronic  feedback  can  be  used  to  effect  selection  of  periodic 
output  in  semiconductor  lasers  in  an  external  cavity  configuration, 
(p.  72) 

2 : 3  0  p  m 

IMD5  •  Wave  propagation  in  a  waveguide  with  a  balance  of  gain 
and  loss,  H.-P.  Nolting,  G.  Sztefka,  M.  Grawert,  Heinrich-Plertz- 
Institut  Germany;  ]\T\  Ctyroky,  Academy  of  Sciences  of  the  Czech 
Republic.  Peculiar  wave  properties  of  a  waveguide  with  a  balance 
of  gain  and  loss  are  described  and  used  to  formulate  a  new  BPM 
benchmark  test.  (p.  76) 
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FAIRFAX  B 


1:30-3:00pm 

IME  •  Symposium  on  WDM  Filters 

J.  L.Jackel,  Bellcore,  Presider 

1 :30pm 

IME1  •  An  acousto-optic  switch  with  a  near-rectangular  pass- 
band  for  WDM  systems,  H.  Rashid,  D.  A.  Smith,  R.  S. 
Chakravarthy,  A.  M.  Agboatwalla,  A.  A.  Patil,  Z.  Bao,  N.  Imam, 
S.  W.  Smith,  Case  Western  Reserve  Univ.;  J.  E.  Baran,  J.  L.  Jackel, 
Bellcore;  i.  Kallman,  Lawrence  Livermore  National  Laboratory. 
We  have  achieved  the  most  rectangular  passband  yet  reported  in 
an  acousto-optic  filter.  This  achievement  improves  significantly 
cascadabiiity  and  wavelength  misalignment  tolerance  in  WDM 
systems.  (p.  82) 

1 :45pm 

IME2  •  Low-sidelobe  thermo-optically  tunable  filter,  T.  Nakazawa, 
S.  Taniguchi,  M.  Seino,  Fujitsu  Laboratories  Ltd.,  japan.  We 
fabricate  a  polarization-independent  tunable  filter  in  x-cut  LiNbOs. 
The  sidelobe  is  2  24  dB,  FWHM  is  1  nm,  and  10  nm  tuning  is 
realized  with  6.2  V.  (p.  86) 

2:00pm 

IME3  •  A  temperature-insensitive  InGaAsP/lnP  wavelength  fil¬ 
ter,  H.  Tanobe,  Y.  Kondo,  Y.  Kadota,  H.  Yasaka,  Y.  Yoshikuni,  NTT 
Opto-electronics  Laboratories,  japan.  We  report,  we  believe,  the 
first  ever  temperature-insensitive  InGaAsP/lnP  wavelength  filter. 
The  temperature  dependence  of  the  filtering  wavelength  is  less 
than  0.1  A/°C.  (p.  90) 

2:15pm 

IME4  •  Integrated  tunable  polarization-independent  channel 
dropping  filter  on  InP  for  WDM  systems,  Jean-Pierre  Weber,  Bjorn 
Stoltz,  Olof  Oberg,  Ericsson  Components  AB,  Sweden.  A  new 
device  that  allows  the  dropping  of  one  out  of  four  wavelength 
multiplexed  channels  and  the  pass  through  of  the  others  is  fabri¬ 
cated  with  polarization-independent  channel  positions  at  1550 
nm  in  InGaAsP/InP.  Bit-error  rates  measurements  are  presented, 
(p.  94) 

2:30pm 

IME5  •  Wavelength  tunable  semiconductor  amplifier/filter  for 
add/drop  demultiplexing  in  WDM  networks,  G.  Raybon,  U.  Koren, 
R.  M.  jopson,  B.  I.  Miller,  M.  Chien,  M.  G.  Young,  R.  j.  Capik, 

K.  Dreyer,  AT&T  Bell  Laboratories.  Reconfigurable  channel  drop 
in  a  wavelength-division  multiplexed  system  is  demonstrated  us¬ 
ing  a  packaged  semiconductor  pre-amplifier  filter.  The  filter  is  elec¬ 
trically  tunable  over  9.5  nm  with  a  0.9  nm  width.  No  BER  penalty 
was  observed  when  demultiplexing  one  of  five  WDM  channels 
spaced  by  1.6  nm.  (p.  98) 

2:45pm 

IME6  •  Silica-based  Mach-Zehnder  add-drop  filter  fabricated  with 
UV-induced gratings,  Glenn  E.  Kohnke,  Charles  H.  Henry,  Edward 
J.  Laskowski,  Russell  j.  Fischer,  Thomas  A.  Strasser,  Alice  E.  White, 
AT&T  Bell  Laboratories.  Performance  of  an  add-drop  filter 
fabricated  in  P-doped  silica-on-silicon  waveguides  with  UV- 
induced  Bragg  gratings  is  reported.  Sidelobe  levels  of  2  40  dB  are 
achieved  with  use  of  double  filtering,  (p.  102) 


INDEPENDENCE  BALLROOM 

3:00-3:30pm 
Coffee  Break 

FAIRFAX  A 


3:30-5:00pm 

IMF  •  Wide-Angle  and  Vector  Propagation  Algorithms 

Anand  Gopinath,  LJniversity  of  Minnesota,  Presider 

3:30pm  (Invited) 

IMF1  •  Limitations  of  wide-angle  BPM  in  non-uniform  systems, 

Charles  Vassal lo,  France  Telecom/CNET  France.  Wide-angle  BPM 
is  reformulated,  in  good  agreement  with  power  conservation  and 
with  improved  accuracy.  Basic  limitation  is  due  to  evanescent 
local  modes  in  field  expansion,  (p.  108) 

4:00pm 

IMF2  •  Three-dimensional  vectorial  wide  angle  BPM  utilizing  a 
multigrid  equation  solver,  P.  Lusse,  H.-G.  Unger,  Technical  Univ. 
Braunschweig,  Germany.  An  unconditionally  stable  three- 
dimensional  vectorial  wide  angle  BPM  is  presented.  To  solve  the 
large  equation  systems  a  multigrid  equation  solver  is  used, 
(p. 111) 

4:1  5pm 

IMF3  •  Technique  of  improving  the  multistep  method  for  wide- 
angle  beam  propagation,  junji  Yamauchi,  Minoru  Sekiguchi,  jun 
Shibayama,  Hisamatsu  Nakano,  Hosei  Univ.,  japan.  To  improve 
a  wide-angle  beam  propagation  method  with  use  of  a  finite 
difference  technique,  the  generalized  Douglas  scheme  for  variable 
coefficients  is  applied  to  multistep  method,  (p.  115) 

4:30pm 

IMF4  •  Oblique  wide-angled  beam  propagation,  T.  Anada,  T.  M. 
Benson,  P.  Sewell,  Univ.  Nottingham,  UK;  P.  C.  Kendall,  Univ. 
Sheffield,  UK.  A  non-orthogonal  coordinate  system  is  igtroduced 
that  extends  the  present  range  of  general  angled  configurations 
for  which  beam  propagation  methods  are  accurate,  (p.  119) 

4:45pm 

IMF5  •  Use  of  higher  order  Pade  approximants  for  efficient  simu¬ 
lation  of  wide-angle  waveguides  with  step-index  profile  Igor  Ilic, 

Robert  Scarmozzino,  Richard  M.  Osgood  ]r.,  Columbia  Univ.  We 
present  a  thorough  analysis  of  the  fundamental  limits  of  Pacle- 
based  wide  angle  techniques  applied  to  step  index  waveguides, 
and  we  give  guidelines  for  choice  of  approximants.  (p.  123) 

FAIRFAX  B  _ 


3:30-5:1 5pm 

IMC  •  Symposium  on  WDM  Lasers 

Julian  B.  Soole,  Bellcore,  Presider 

3:30pm 

IMG1  •  An  18-channel  multi-frequency  laser,  M.  Zirngibi,  C.  H. 
Joyner,  C.  R.  Doerr,  L.  W.  Stulz,  H.  M.  Presby,  AT&T  Bell  Labora¬ 
tories.  A  multi-frequency  laser  (MFL)  is  demonstrated  that  runs 
simultaneously  cw  on  1 8  channels  spaced  by  1 03  GHz.  The  MFL 
exhibits  a  stable  and  reproducible  optical  channel  spacing  as  a 
result  of  the  reproducibility  of  the  waveguide  grating  router  that 
serves  as  the  intracavity  filter  element,  (p.  128) 


vii 


3:45pm 

I  MG  2  •  Chirping  of  the  waveguide  grating  router  for  free-spec¬ 
tral -range  mode  selection  in  the  multifrequency  /aser,  C.  R.  Doerr, 
M.  ZirngibI,  C.  H.  Joyner,  AT&T  Bell  Laboratories.  We  discuss 
chirping  of  the  waveguide  grating  router  in  the  multi-frequency 
laser  for  the  purpose  of  controlling  the  lasing  wavelength,  and  we 
present  experiment  results,  (p.  132) 

4:00pm 

IMG3  •  A  compact  phased-array-based  multiwavelength  laser, 
L.  H.  Spiekman,  M.  K.  Smit,  Delft  Univ.  Technology,  The 
Netherlands;  A.  A.  M.  Staring,  j.  J.  M.  Binsma,  E.  j.  Jansen,  T.  van 
Dongen,  P.  j.  A.  Thijs,  B.  H.  Verbeek,  Philips  Optoelectronics 
Centre,  The  Netherlands.  A  phased-array-based  multiwavelength 
laser  with  nine  channels  spaced  by  400  GHz  around  1 .55  pm  is 
realized  on  an  area  of  3.5  3  2.5  mm2.  Simultaneous  dual  chan¬ 
nel  operation  is  demonstrated,  (p.  136) 

4:1 5pm 

IMG4  » Silica  external  cavity  array  transmitters  with  high-wave¬ 
length  accuracy,  Karen  Liu,  Stuart  D.  Brorson,  Chaoyu  Yue,  IBM 
T.  j.  Watson  Research  Center.  High  wavelength  accurate 
waveguide  components  form  the  external  cavity  of  directly- 
modulatabie  array  transmitters  to  satisfy  stringent  accuracy 
requirements  of  wavelength  multiplexed  links,  (p.  139) 

4:30pm  (Invited) 

IMG5  •  Wavelength  conversion  for  all-optical  networks.  Jay  M. 
Wiesenfeld,  AT&T  Bell  Laboratories.  Experimental  results  for  high¬ 
speed  (up  to  20  Gbit/s)  wavelength  translation  techniques  for 
WDM  systems,  based  on  semiconductor  optical  amplifiers,  will 
be  analyzed  for  performance  and  signal  degradation.  Particular 
iTiethods  include  cross-gain  modulation,  cross-phase  modulation, 
and  four-wave  mixing,  (p.  143) 

5:00pm 

IMG6  «  High-speed  and  polarization-insensitive  interferometric 
wavelength  converters  by  MQW  optimization,  K.  Wunstel, 
G.  Laube,  W.  Idler,  K.  Daub,  E.  Each,  K.  Dutting,  M.  Klenk,  M. 
Schilling,  Alcatel  Corporate  Research  Centre,  Germany.  Multi¬ 
quantum-well  layer  optimization  of  wavelength  converters  with 
Mach-Zehnder  interferometer  structure  yields  polarization- 
insensitive  devices  (TE-TM  <  1  dB)  and  first  devices  operating  at 
10  Gbit/s.  (p,  147) 

INDEPENDENCE  BALLRQQM/BQYLSTQN  PARK  CAFE 

6:00--7:30pm 

Conference  Reception 

6:00-7:30pm 
IMH  Poster  Session 

IMH1  «  Compact  InP-based  waveguide  crossings  with  low 
crosstalk  and  low  loss,  C.  van  Dam,  F.  P.  G.  M.  van  Ham,  F.  H. 
Groen,  Delft  Univ.  Technology,  The  Netherlands; }.  J.  G.  M.  van 
der  Tol,  PTT  Research,  The  Netherlands;  I.  Moerman,  M.  K.  Smit, 
Univ.  Cent,  Belgium.  Waveguide  crossings  are  fabricated  with 
low  crosstalk  (<2  30  dB)  and  low  excess  loss  (<  0.3  dB)  for  angles 
down  to  30  degrees.  Good  agreement  with  predictions  based  on 
2D-BPM  simulations  is  observed,  (p.  152) 


IMH2  •  Light  propagation  in  a  system  of  bended  single-mode 
waveguide  and  straight  multimode  waveguide  with  higher 
refractive  index,  S.  M.  Loktev,  N.  M.  Lyndin,  V.  A.  Sychugov, 

B.  A.  Usievich,  Russian  Academy  of  Sciences.  Effect  of  smooth 
change  of  buffer  thickness  along  the  structure  of  coupled 
waveguides  with  different  parameters  on  transmission 
characteristics  is  studied  theoretically  and  demonstrated  experi¬ 
mentally.  (p.  156) 

IMH3  •  Ultrabigh  confinement  waveguides  for  very  large  scale 
integrated  optics  with  three-dimensional  packaging,  Lawrence 

C.  West,  Charles  W.  Roberts,  Emil  C.  Piscani,  Integrated  Photonic 
Systems  Inc.  By  use  of  high  index  ratios,  ultrahigh  confinement 
waveguides  are  created.  These  UHC  waveguides  make  compact 
devices,  sharp  bends,  and  100,000  electro-optical  components 
per  square  centimeter,  all  with  three-dimensional  packaging. 

(p.  160) 

IMH4  *  Structural  phase  diagrams  of  proton  exchanged 
waveguides  on  Z-,  X-  and  Y-cuts  of  LiNbOs,  Yuri,  N.  Korkishko, 
V.  A.  Fedorov,  Moscow  Institute  of  Electronic  Technology,  Russia; 
M.  P.  De  Micheli,  Universite  de  Nice  Sophia  Antipolis,  France.  It 
has  been  shown  that  HxLi].xNb03  waveguides  on  Z-,  X-  and  Y- 
cuts  LiNb03  substrate  can  present  7,  6,  and  4  different  crystallo¬ 
graphic  phases,  respectively,  (p.  163) 

IMH5  °  Planar  waveguide  AR  lattice  filters:  advantages  and  chal¬ 
lenges,  C.  K.  Madsen,  AT&T  Submarine  Systems  inc.;].  H.  Zhao, 
Rutgers  Univ.  A  planar  waveguide  lattice  filter  architecture  based 
on  ring  resonators  is  investigated.  A  potential  application  is  for 
very  narrowband  filters  in  WDM  systems,  (p.  167) 

IMH6  «  Tapered-rib  adiabatic-following  fiber  coupler,  R.  E.  Smith, 
C.  T.  Sullivan,  G.  A.  Vawter,  G.  R.  Hadley,  J.  R.  Wendt,  B.  Snipes, 
J.  F.  Klein,  Sandia  National  Laboratories.  The  performance  of  a 
fiber  to  semiconductor  waveguide  mode  converter  with  losses 
between  2-3  dB  is  demonstrated  and  designs  with  0.9  dB  loss  are 
discussed,  (p.  1 71) 

IMH7  ®  Band-gap  tuning  in  strained  piezoelectric  quantum  well 
lasers,  A.  S.  Pabla,  Univ.  Sheffield,  UK.  The  spectral  characteristics 
of  strained  piezoelectric  lno.23Gao.77As/GaAs  lasers  grown  on  (1 1 1 ) 
GaAs  are  studied.  The  piezoelectric  field  allows  tuning  of  the 
spectral  gain  and  thus  offers  a  new  approach  to  monolithic  laser- 
modulator  integration  and  the  fabrication  of  monolithic  multi- 
wavelength  lasers.  (p.  1  74) 

IMH8  o  Optical  waveguide  interconnects  in  optoelectronic  matrix 
switches,  M.  Ersoni,  X.  Wu,  P.  E.  Jessop,  McMaster  Univ.,  Canada; 
J.  P.  Noad,  Communications  Research  Centre,  Canada.  Multiple 
in-line  GaAs  photodetectors  are  integrated  with  AlGaAs  rib 
waveguides  to  distribute  optical  power  evenly  among  the 
crosspoints  of  an  optoelectronic  matrix  switch,  (p.  178) 
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IMH9  •  Electronanomecbanically  actuated  integrated-optical 
Mach-Zehnder  interferometer,  R.  Dangel,  W.  Lukosz,  Swiss  Fed¬ 
eral  Institute  of  Technology.  We  demonstrate  electronano- 
mechanically  actuated  interferometric  intensity  modulators  that 
are  fabricated— without  any  electro-optic  materials— by 
micromachining  of  silicon,  Si02/  and  (waveguiding)  Si3N4  films. 

(p.  182) 

IMH10  •  A  standard  SPICE  model  for  MQW  lasers  modeling  cap¬ 
ture/escape  and  carrier  transport,  Kuno  Zhu-ber-Okrog,  Siemens 
AG,  Austria.  We  describe  a  circuit  simulation  model  for  multi¬ 
quantum  well  semiconductor  lasers  accounting  for  carrier  trans¬ 
port  and  capture/escape  effects,  (p.  186) 

IMH11  •  Spectral  Green's  function  approach  in  the  investigation 
of  radiation  pattern  of  a  novel  circular  grating  surface-emitting 
laser,  Ali  M.  Shams-Zadeh-Amiri,  W.  P.  Huang,  Univ.  Waterloo, 
Canada.  A  closed-form  spectral  Green's  function  in  the  Hankel 
transform  domain  of  a  multilayered  stack  is  developed  to  obtain 
the  far  field  pattern  of  a  novel  circular  grating  surface-emitting 
laser,  (p.  190) 

IMH12  •  Modeling  of  a  passive  polarization  converter  free  of 
longitudinally  periodic  structure,  Marie  Fontaine,  Velko  P.  Tzolov, 
Univ.  Quebec,  Canada.  A  vectorial  finite-element  propagation 
method  is  applied  to  optimize  the  polarization  rotation  process 
in  a  passive  polarization  converter  free  of  longitudinally  periodic 
structure,  (p.  193) 

IMH13  •  Polarization  splitting  in  lossy/gainy  multi-quantum  well 
directional  coupler,  Kwang  C.  Ho,  G.  Griffel,  T.  Tamir,  Polytech¬ 
nic  Univ.  By  use  of  a  transmission-line  modal  description  to  ana¬ 
lyze  rigorously  lossy/gainy  polarization  beamsplitters,  a  novel 
criterion  is  developed  for  the  optimal  polarization  length,  (p.  197) 

IMH14  •  Optimization  of  slab  waveguides  with  given  mode  width 
toward  low  modal  birefringence,  G.  Sarlet,  J.  Haes,  R.  Baets,  Univ. 
Gent,  Belgium.  The  modal  birefringence  in  slab  waveguides  is 
studied  for  a  variety  of  index  profiles.  For  given  mode  width  the 
three-layer  slab  can  be  optimized  to  give  near-ideal  results, 
(p.  201) 

IMHI 5  •  Effects  of  external  optical  feedback  in  broad-area  lasers, 

j.  Martain-Regalado,  G.  H.  M.  van  Tartwijk,  S.  Balle,  M.  San 
Miguel,  Univ.  Hies  Balears,  Spain.  External  optical  feedback  is 
applied  to  broad-area  lasers  to  permit  lateral  mode  selection  and 
pattern  stabilization  of  the  output  beam,  which  usually  suffers 
from  undesirable  filamentation.  (p.  205) 

IMH16  •  Analysis  of  a  lensed  coreless  fiber  by  a  hybrid  tech¬ 
nique  that  involves  FD-BPM  and  FD-TDM,  junji  Yamauchi,  Koji 
Nishio,  Hisamatsu  Nakano,  Hosei  Univ.,  Japan.  A  technique  of 
connecting  the  scalar  FD-BPM  to  the  scalar  FD-TDM  is  projDOsed. 
The  field  distribution  in  a  lensed  fiber  with  an  AR  coating  is  pre¬ 
sented.  (p.  209) 


IMH17  •  Characterization  of  optical  filters  with  two-dimensional 
confinement,  T.  Wongcharoen,  B.  M.  A.  Rahman,  K.  T.  V.  Grattan, 
City  Univ.,  UK.  Numerically  simulated  results  are  presented  for 
optical  filters  incorporating  nonidentical  coupled  waveguides  with 
two-dimensional  confinement  with  use  of  rigorous  numerical 
methods,  (p.  213) 

IMH18  •  Octave  bandwidth  analog  link  with  a  monolithic  laser/ 
electroabsorption  modulator,  Roger  Helkey,  Harold  Roussell, 
Charles  Cox  III,  MIT  Lincoln  Laboratory;  Masahiro  Aoki,  Hirohisa 
Sano,  Hitachi,  Ltd.,  Japan.  A  high  performance  analog  optical 
link  is  demonstrated  using  a  monolithic  laser/electroabsorption 
modulator.  The  spurious-free  dynamic  range  is  116dB  x  Hz4/5. 
(p.217) 

IMH19  •  Measurement  of  Hnewidth  enhancement  factor  and 
nonlinear  gain  of  vertical-cavity  surface-emitting  lasers,  Hua  Li, 

Univ.  New  Mexico;  David  Bossert,  Phillips  Laboratory.  The 
linewidth  enhancement  factor  alpha  and  nonlinear  gain  coefficient 
E  of  a  VCSEL  are  obtained  from  the  measured  normalized  phase 
modulation  index  versus  modulation  frequency,  (p.  220) 

IMH20  •  Relative  intensity  noise  of  an  InCaAsP  laser  over  a  22 
GHz  bandwidth  at  cryogenic  and  room  temperatures,  Gregory 
E.  Obarski,  Donald  R.  Larson,  Robert  J.  Phelan,  NIST.  We  show 
that  cryogenic  operation  of  a  commercial  InGaAsP  laser 
significantly  reduces  its  relative  Intensity  noise  within  a 
measurement  bandwidth  of  22  GHz,  indicating  its  potential  for 
ultrahigh  speed  optical  communications,  (p.  224) 

IMH21  •  Investigation  of  the  resolution  limit  of  the  hydrogen 
plasma-induced  defect  layer  intermixing  process,  A.  Saher  Helmy, 
B.  S.  Ooi,  J.  H.  Marsh,  Univ.  Glasgow,  UK.  The  hydrogen  plasma- 
induced  damage  layer  intermixing  is  shown  to  be  a  viable  inte¬ 
gration  technology.  Bandgap  shifts  can  be  induced  with  high  spa¬ 
tial  resolution  (<7  pm),  (p.  228) 

IMH22  •  Feasibility  of  monolithic  device  integration  in  GalnP/ 
AIGalnP  using  pbotoabsorption  induced  disordering,  Karen 
Mcllvaney,  Andrew  McKee,  A.  Catrina  Bryce,  John  H.  Marsh,  Univ. 
Glasgow,  UK;  Wynn  Jones,  Ep/fax/a/  Products  International,  UK. 
A  shift  of  30  meV  in  the  photoluminescence  peak  of  a  670  nm 
GaInP/AIGalnP  laser  structure  was  obtained  by  focusing  a  5  W 
Ar  laser  onto  a  sample,  (p.  232) 

IMH23  •  Guided-wave  magneto-optic  Bragg  diffraction  efficiency 
enhancement  using  nonuniform  bias  magnetic  field,  C.  S.  Tsai,  S, 
Calciu,  Y.  S.  Lin,  Univ.  California-Irvine.  A  two  to  six-fold 
enhancement  in  the  diffraction  efficiency  of  a  guided-wave  mag¬ 
neto-optic  Bragg  cell  modulator  is  achieved  with  use  of  a  nonuni¬ 
form  bias  magnetic  field.  A  diffraction  efficiency  as  high  as  60%  at 
an  RF  drive  power  of  only  0.37  W  is  measured  also.  (p.  235) 


ix 


3rd  FLOOR  REGlSTRAiaON  AREA 

7:30am-5:30pm 

Registration 


INDEPENDENCE  BALLROOM 

10:00^1 0:30am 
Coffee  Break/Exhibits 


FAIRFAX  A _ 

8:1 5-1 0:00am 

ITuA  ®  Symposium  on  Simufation  of  Quantum  Weil  Phenom¬ 
ena:  Device  Applications — Optical  Gain  in  Quantum  Wells 

James  J.  Coleman,  University  of  Illinois  Urbana-Champaign,  Presider 

8:15am  (Invited) 

ITuAI  •  Modeling  and  experimental  characterization  of  optical 
gain  in  InGaAsP-based  lasers,  M.  S.  Hybertsen,  D.  A.  Ackerman, 
G.  E.  Shtenge!,  R  A.  Morton,  R.  R  Kazarinov,  G.  A.  Baraff,  T. 
Tanbun-Ek,  R.  A.  Logan,  AT&T  Bell  Laboratories.  Detailed  calcu¬ 
lations  and  measurements  of  optical  gain  in  bulk  and  MQW 
1.3  um  InGaAsP  based  lasers  are  compared,  including  the  tem¬ 
perature  sensitivity,  (p.  240) 

8:45am 

ITuA2  •  The  temperature  and  strain  dependence  of  differential 
gain  in  1.5  mm  quantum  well  lasers,  Eoin  P.  O'Reilly,  G.  Jones,  P. 
Togher,  M.  Silver,  A.  R.  Adams,  Univ.  Surrey  UK.  Measured  gain 
depends  logarithmically  on  current  in  long  wavelength  lasers.  The 
strain  and  temperature  dependence  are  well  described  by  simple 
theoretical  models,  (p.  243) 

9:00am 

ITuA3  ®  Band  structure  and  modal  gain  of  partially  interdiffused 
InGaAs/GaAs/AlGaAs  514/Q  lasers,  Rafael  Gomez-Alcala, 
Francisco  Javier  Fraiie-Pelaez,  E.TS.I.  Telecomunicacion,  Spain; 
Ignacio  Esquivias-Moscardo,  Univ.  Politecnica  de  Madrid,  Spain. 
We  investigate  theoretically  the  effects  of  interdiffusion  on  strained 
InGaAs-GaAs  SQW  lasers.  The  modal  gain  is  evaluated,  taking 
into  account  valence  band  mixing,  (p.  246) 

9:15am 

ITuA4  ®  Spin-orbit  coupling  effects  on  the  optical  gain  of  a  cubic 
GaN  quantum-well  laser,  Doyeol  Ahn,  LG  Electronics  Research 
Center,  Korea.  The  optica!  gain  of  a  cubic  GaN  quantum-well 
laser  is  studied  including  the  spin-orbit  (SO)  split-off  band  cou¬ 
pling  effects.  It  is  expected  that  a  very  narrow  separation  of  the 
SO  band  causes  undesirable  effects,  which  are  discussed.  (p.250) 

9:30am 

ITuA5  ®  Non-Markovian  gain  of  a  quantum-well  laser  with  many- 
body  effects,  Doyeol  Ahn,  LG  Electronics  Research  Center, 
Korea.  The  optical  gain  of  a  quantum-well  laser  is  studied  taking 
into  account  the  valence-band  mixing,  non-Markovian  relaxation, 
and  many-body  effects,  it  is  shown  that  the  non-Markovian  gain 
model  removes  the  two  anomalies  associated  with  the  Lorentzian 
line  shape  function  with  the  proper  choice  of  the  correlation  time, 
(p.  254) 

9:45am 

ITuA6  o  Comparison  of  well  designs  for  near-infrared  (850  nm) 
semiconductor  lasers,  T.  E.  Sale,  Y.  Ohiso,  C.  Amano,  T.  Kurokawa, 
NTT Opto-electronics  Laboratories,  japan.  We  theoretically  com¬ 
pare  various  850  nm  emitting  quantum  well  designs  in  the  (A!xGai_ 
x)ylni™yAs2pi_z  systcm.  Materials  technology  arguments  are  used 
to  refine  the  choice  further,  (p.  258) 


FAIRFAX  B _ _ 

8:30-1 0:00am 

ITuB  «  Silicon  Heterostructure  Devices, 

Richard  A.  Soref,  USAF  Rome  Laboratory  Presider 

8:30am  (Invited) 

ITuBI  ^  SiGe/Si  beterostructures  for  photonics,  D.  C.  Houghton, 
National  Research  Council  of  Canada.  An  overview  of  SiGe/Si 
materials  research  and  photonic  device  opportunities  are  pre¬ 
sented,  highlighting  some  recent  successes  and  the  challenges 
ahead,  (p.  264) 

9:00am 

ITuB2  •  Characterization  of  GeSi/Si  strained  layer  superlattice 
avalanche  photodiode,  F.  Y.  Huang,  Kevin  Alt,  K.  L,  Wang,  Uni¬ 
versity  of  California,  Los  Angeles.  Device  characterization  of 
photoresponse  and  avalanche  multiplication  in  photodiodes  con¬ 
sisting  of  SiGe/Si  strained  layer  superlattice  as  both  the  active 
absorption  and  multiplication  region,  (p,  265) 

9:1  5am 

ITuB3  An  amorphous  silicon/silicon  carbide  thin-film  thermo¬ 
optica!  interferometer  at  X  =  1.5  mm  with  3  MHz  bandwidth 
capability,  F.  G.  Delia  Corte,  I.  Rendina,  G.  CocoruNo,  IRECE- 
CNR,  Italy;  A.  Rubino,  E.  Terzini,  ENEA-CRP,  /fa/y.  A  thermo-opti¬ 
cal  interferometer  is  realized  from  a  thin-film  amorphous  silicon/ 
silicon  carbide  waveguiding  structure.  Modulation  rates  of  3MHz 
are  possible  with  a  properly  designed  device,  (p.  269) 

9:30am 

ITuB4  «  Guided-wave  optical  circuits  in  silicon-on-insulator  tech¬ 
nology,  P.  D.  Trinh,  S.  Yegnanarayanan,  B.  Jalali,  Univ.  Califor- 
nia-Los  Angeles.  We  present  integrated  3  dB  optical  directional 
couplers,  a  5  x  9  star  coupler,  and  a  Mach-Zehnder  wavelength 
demultiplexer  using  silicon-on-insu!ator  rib  waveguides.  These 
devices  show  excellent  performance  characteristics  and  repre¬ 
sent  key  components  for  realization  of  monolithic  optoelectronic 
circuits  in  a  silicon  IC-compatible  technology,  (p.  273) 

9:45am 

ITuB5  «  Absorption  enhancement  in  silicon  waveguides  using 
metal  island  films,  Howard  R.  Stuart,  Dennis  G.  Hall,  Univ. 
Rochester.  A  metal  island  film  was  used  to  enhance  the  absorption 
characteristics  of  a  silicon  waveguide.  Measured  enhancements 
reached  a  factor  of  5  in  the  near-infrared,  (p.  278) 

INDEPENDENCE  BALLROOM _ 

1 0:00am~1 0:30am 
Coffee  Break/Exhibits 


X 


TUESDAY 


APRIL  30,  1996 


FAIRFAX  A  _ _ FAIRFAX  B 


10:30am-1 2:00m 

ITuC  •  Symposium  on  Simulation  of  Quantum  Well  Phenom¬ 
ena:  Device  Applications^Low  Dimensional  Nanostructures, 
Spontaneous  Emission  and  Quantum  Well  Effects 

Eoin  P.  O'Reilly,  University  of  Surrey  UK,  Presider 

10;30am  (Invited) 

ITuCI  •  Low-dimensional  nanostructures  for  integrated  optoelec¬ 
tronics  applications,  Eli  Kapon,  Swiss  Federal  Institute  of  Tech¬ 
nology,  Switzerland.  The  structure,  the  optical  luminescence  and 
absorption  properties,  and  the  application  in  optoelectronic  de¬ 
vices  of  self-ordered,  low-dimensional  nanostructures  grown  on 
nonpianar  substrates  are  discussed,  (p.  284) 

11:00am 

ITuC2  •  Features  of  spontaneous  emission  in  large  diameter 
VCSELs,  A.  Onischenko,  J.  Sarma,  Univ.  Bath,  UK.  Modal  field 
calculations  reveal  a  high  level  of  spontaneous  emission  along 
the  plane  of  the  multilayer  structure,  which  points  to  reduced 
efficiency  and  larger  threshold  current  density,  (p.  288) 

1 1:15am 

ITuC3  •  Spontaneous  emission  in  optical  microcavities, 

H.  Rigneault,  5.  Robert,  S.  Monneret,  Domaine  Univ.  Saint  Jerome, 
France.  Spontaneous  emission  of  rare  earth  atoms  confined  into 
resonant  planar  microcavities  is  investigated  theoretically  and 
experimentally.  Strong  correlation  between  microcavity  structure 
and  radiation  pattern  is  demonstrated,  (p.  292) 

11:30am 

ITuC4  •  Impact  of  quantum  confinement  and  strain  effects  on 
the  negative  chirp  parameter  of  InGaAsP/lnP  quantum  well 
electroabsorption  modulators,  Takayuki  Yamanaka,  Koichi 
Wakita,  Kiyoyuki  Yokoyama,  NTT Opto-electronics  Laboratories, 
Japan.  We  theoretically  demonstrate  that,  for  a  wide  tensile- 
strained  quantum  well  structure,  a  desirable  condition  exists  where 
the  chirp  parameter  is  almost  continuously  negative  independently 
of  electric  field  strength,  (p.  295) 

11:45am 

ITuCS  •  Enhanced  Stark  effect  in  tensile-strained  Aljnux'^s/ 
Gayln^^yAs/lnP  quantum  well  structures,  T.  Schwander,  Bosch 
Telecom  GmbH,  Germany;  P.  Lusse,  J.  Schuobel,  TU 
Braunschweig,  Germany.  The  enhanced  Stark  effect  in  tensile- 
strained  quantum  wells  is  found  to  be  caused  by  strong  carrier- 
interaction.  Optimum  performance  is  achieved  with  degenerated 
valence  bands  at  modulator-off-state,  (p.  298) 


10:30am-1 2:00m 

ITuD  •  Silicon  Waveguides  and  Interconnect  Technologies 

Bahram  Jalali,  University  of  California-ios  Angeles,  Presider 

10:30am  (Invited) 

ITuDI  •  Trends  in  silica-based  optoelectronics  hybrid  integra¬ 
tion,  Claude  Artigue,  Alcatel  Alsthom  Recherche,  France.  Opto¬ 
electronic  chips  assembly  on  planar  silicon  boards  opens  the  way 
for  multi-chips  photonic  integrated  circuits  (MPICs);  status  and 
trends  are  reviewed  in  this  presentation,  (p.  304) 

1 1 :00am 

ITuD2  •  New  types  of  single-mode  (movable)  and  multimode  (60- 
mm-thick)  SOI  waveguides  fabricated  using  silicon  micro¬ 
machining  technology,  S.  C.  Kan,  T.  T  H.  Eng,  S.  Y.  S.  Sin,  J.  Y.  L. 
Ho,  I.  H.  M.  Liem,  P.  W.  L.  Chan,  G.  K.  L.  Wong,  Hong  Kong 
Univ.  Science  and  Technology.  Two  low-loss  (<0.8  dB/cm)  SOI 
waveguides  are  fabricated — single-mode  movable  waveguides 
used  as  switches  and  scanning  probes,  and  multimode  SOI 
waveguides  and  couplers  with  60-}im  core.  (p.  307) 

1 1 :1 5am 

ITuD3  •  Optical  waveguides  and  components  based  on  porous 
silicon,  H.  Arrand,  T.  M.  Benson,  T.  Anada,  Univ.  Nottingham, 
UK;  M.  G.  Berger,  R.  Aren-Fischer,  H.  G.  Munder,  H.  Luth, 
Forschungszentrum  Jurlich  GmbH,  Germany;  A.  Loni,  R.  J.  Bozeat, 
Defence  Research  Agency,  UK.  Planar  optical  waveguiding  is 
demonstrated  in  as-prepared  and  oxidized  porous  silicon  materi¬ 
als.  Additional  processing  realizes  rib  waveguides  and  systems 
components  such  as  Y-junctions.  (p.  311) 

11:30am 

ITuD4  •  Diffraction  patterns  of  Si-based  polygonal  gratings  for 
1 -to-many  optical  interconnects,  Oleg  Ershov,  Feiming  Li,  Michael 
Dubinovsky,  Ray  T.  Chen,  Univ.  Texas-Austin.  One  micron  Si- 
based  polygonal  grating  couplers  are  investigated  for  1 -to-many 
fanout  optical  interconnects.  Excellent  agreement  with  the  scalar 
diffraction  theory  is  confirmed  experimentally,  (p.  315) 

1 1 :45am 

ITuDS  •  Electro-optic  switch  constructed  with  a  poled  silica-based 
waveguide  on  a  Si  substrate,  Makoto  Abe,  Takeshi  Kitagawa, 
Kuninori  Hattori,  Akira  Himeno,  Yasuji  Ohmori,  NTT  Opto¬ 
electronics  Laboratories,  Japan.  2x2  electro-optic  switching  is 
demonstrated  in  an  integrated  Mach-Zehnder  interferometer  con¬ 
structed  with  thermally  poled  Ge02-doped  silica-based  channel 
waveguides  on  a  Si  substrate,  (p.  319) 


1 2:00m-1 :30pm  1 2:00m-1 :30pm 

Lunch  on  Own  Lunch  on  Own 


XI 


FAIRFAX  A 


1 :30-3:00pm 

ITuE  •  Symposium  on  Simulation  of  Quantum  Well  Phenomena: 
Device  Applications — Transverse  Modes  in  Vertical  Cavities 
Joseph  P.  Donnelly,  MIT  Lincoln  Laboratory  Presidcr 

1 :30pm 

ITuE1  •  Modeling  of  photon  localization  in  one-  to  two-dimen¬ 
sional  arrays  of  coupled  vertical-cavity  lasers^  Harald  Pier,  Eli 
Kapon,  Swiss  Federal  Institute  of  Technology.  Photon  localiza¬ 
tion,  arising  from  disorder  in  photonic  lattices,  reduces  with 
increasing  dimensionality.  One-,  two-,  and  fractal-dimensional 
arrays  of  coupled  vertical-cavity  lasers  are  discussed,  (p.  324) 

1 :45pm 

ITuE2  «  Transverse  multimode  dynamics  of  gain-switched  VCSELs, 
j.  Deliunde,  J.  M.  Sancho,  Univ.  Barcelona,  Spain;  fA.  C.  Torrent, 
Univ.  Politecnica  de  Catalunya,  Spain;  K.  A.  Shore,  Univ.  Wales, 
UK.  Numerical  simulations  demonstrate  the  significant  role  played 
by  spatial  hole  burning  and  carrier  diffusion  in  the  turn-on  pro¬ 
cess  of  gain-switched  multi-transverse  VCSELs.  (p.  328) 

2:00pm 

lJuES  *  Transverse  mode  selection  in  external  cavity  vertical- 
cavity  surface-emitting  lasers,  J.  Deliunde,  Univ.  Barcelona,  Spain; 
A.  Valle,  Univ.  Cantabria,  Spain;  K.  A.  Shore,  Univ.  Wales,  UK. 
Analysis  of  the  dynamics  of  external  cavity  VCSELs  shows  that 
preferential  excitation  of  low-order  transverse  modes  can  be 
effected  by  appropriate  choice  of  optical  feedback  delay,  (p.  332) 

2:1  5pm 

!TuE4  o  Accurate  three-dimensional  modeling  of  transverse  mode 
threshold  gain  in  vertical-cavity  surface-emitting  lasers,  Bart 
Demeulenaere,  Bart  Dhoedt,  Stefan  Goeman,  Univ.  Gent, 
Belgium.  Diffraction  effects  in  vertical-cavity  lasers  are  modeled 
rigorously.  This  mode!  is  compared  with  an  approximate  one  and 
is  applied  to  the  transverse  mode  stability  problem,  (p.  336) 

2:30pm 

ITuE5  o  Modeling  of  VCSELs  by  the  method  of  lines,  E.  Ahlers, 
S.  F.  Helfert,  R.  Pregla,  Fern  Univ.,  Germany.  Vertical-cavity 
surface-emitting  lasers  are  modeled  by  the  method  of  lines. 
Coupling  of  optical,  electrical,  and  thermal  effects  is  incorporated, 
(p.  340) 

2:45pm 

ITuE6  «  Understanding  waveguiding  in  vertical-cavity  surface- 
emitting  lasers,  G.  Ronald  Hadley,  K.  D.  Choquette,  K.  L.  Lear, 
Sandia  National  Laboratories.  We  present  a  fundamentally  new 
understanding  of  waveguiding  in  vertical-cavity  surface-emitting 
diode  lasers  that  relates  effective  index  changes  inside  the  cavity 
to  variations  in  Fabry-Perot  resonance  frequency,  (p.  344) 

INDEPENDENCE  BALLROOM _ 

3:00pm-3:30pm 
Coffee  Break/Exhibits 


FAIRFAX  B 


2:00-3:00pm 

ITuF  »  Low-Cost  Photonic  Packaging  / 

Ian  R.  Croston,  Integrated  Optical  Components,  UK,Presider 

2:00pm  (Invited) 

ITuFI  •  Novel  alignment  techniques  for  packaging  and  integra¬ 
tion  of  optoelectronic  components,  Paul  O.  Haugsjaa,  GTE 
Laboratories  Inc.  This  talk  reviews  alignment  techniques  recently 
developed  for  optoelectronic  components  that  offer  the  potential 
for  reducing  packaging  costs  and  increasing  the  degree  of  practical 
hybrid  integration,  (p.  350) 

2:30pm 

ITuF2  •  Successful  development  of  non-planar  lithography  for 
micro-machining  applications,  j.  Shmulovich,  J.  V.  Gates,  C.  F. 
Kane,  M.  A.  Cappuzzo,  J.  M.  Szalkowski,  Lucent  Technologies, 
Bell  Labs.  We  developed  a  non-pianar  photolithography  approach 
utilizing  a  conformal  electrophoretic  resist.  Wafer  scale  bonding 
of  photodiodes  passively  aligned  to  V-grooves  using  solder  bumps 
was  demonstrated.  (p.  354) 

2:45pm 

ITuF3  -  Thermal  study  of  silicon  optical  microbenches  with  on 
board  heaters  for  soldering,  Michael  D.  Pocha,  Oliver  T.  Strand, 
John  A.  Kerns,  Lawrence  Livermore  National  Laboratory.  The 
combination  of  selected  experimental  measurements  with  finite 
element  simulation  provide  a  thorough  understanding  of  thermal 
behavior  of  silicon  microbenches  with  on-board  heaters,  (p.  358) 

INDEPENDENCE  BALLROOM _ 

3:00-3:30pm 
Coffee  Break/Exhibits 

FAIRFAX  A 


3:30-5:00pm 

ITuG  ®  High  Speed  Devices 

jane  E.  Zucker,  AT&T  Bell  Laboratories,  Presider 

3;30pm 

ITuG1 « Mach-Zehnder  modulator  integrated  with  a  gain-coupled 
DFB  laser  for  10  Gbit/s,  100  km  NDSF  transmission  at  1.55  pm, 
D.  M.  Adams,  C.  Rolland,  N.  Puetz,  R.  S.  Moore,  J.  Yu,  F.  R. 
Shepherd,  H.  B.  Kim,  S.  Bradshaw,  Nortel  Technology,  Canada. 
The  first  monolithic  integration  of  an  interferometric  modulator 
with  a  gain-coupled  distributed-feedback  laser  to  our  knowledge 
is  reported.  The  integrated  MZ/DFB  is  fabricated  by  butt-coupling 
in  order  to  minimize  design  constraints  on  the  MZ  and  DFB  active 
regions,  (p.  364) 

3:45pm 

ITuG2  «  Small  chirp,  low  drive-voltage  integrated  10  Gbit/s  DFB 
laser  and  bulk  electro-absorption  modulator  on  semi-insulating 
InP  substrate,  Olof  Sahlen,  Lennart  Lundqvist,  Stefan  Funke, 
Ericsson  Components  AB,  Sweden.  Laser-integrated  bulk 
absorption  InGaAsP  modulators  on  semi-insulating  substrate,  with 
10  dB  extinction,  1  V  drive  voltage  for  zero  bias  and  9  GHz 
bandwidth  are  reported,  (p.  368) 


XII 


TUESDAY 


APRIL  30, 1996 


4:00pm 

ITuGS  •  Monolitbically  integrated  nonlinear  sagnac  interferom¬ 
eter  and  its  application  as  a  20  Gbit/s  all-optical  demultiplexer, 
E.  Jahn,  N.  Agrawa!,  W.  Pieper,  H.-J.  Ehrke,  D.  Franke,  H.  G. 
Weber,  W.  Furst,  Heinrich-Hertz-fnstitut,  Germany.  A  Sagnac  in¬ 
terferometer  consisting  of  a  semiconductor  laser  amplifier  and  a 
3  dB  coupler  monolitbically  integrated  within  a  waveguide  loop 
mirror  is  fabricated  and  its  application  as  a  20  Gbit/s  all-optical 
demultiplexer  is  demonstrated,  (p.  372) 

4:1 5pm 

ITuG4  •  Novel  method  for  improving  the  performance  of  InP/ 
InGaAsP  MQW  Mach-Zehnder  modulators  by  phase  shift  engi¬ 
neering,  Jun  Yu,  Claude  Rolland,  Azmina  Somani,  Scott  Bradshaw, 
Bell-Northern  Research,  Canada;  David  Yevick,  Queen's  Univ., 
Canada.  We  have  simultaneously  achieved  both  an  optimized 
negative  frequency  chirp  and  a  high  extinction  ratio  in  InP/ 
InGaAsP  MWQ  Mach-Zehnder  modulators,  (p.  376) 

4:30pm 

ITuGS  •  High-speed  coplanar  Schottky  traveling-wave  photode¬ 
tectors,  M.  Alles,  Th.  Braasch,  D.  Jager,  Gerhard-Mercator-Univ. 
Duisburg,  Germany.  Coplanar  traveling-wave  photodetectors  for 
millimeter  wave  applications  are  discussed.  Experimentally,  a 
3-dB-bandwidth  of  >40  GHz  is  found  at  1 .3  |J,m  for  an  InGaAlAs/ 
InP  device  with  an  InGaAs  quantum  well.  (p.  380) 

4:45pm 

ITuGS  •  High-speed  traveling  wave  electro-optic  intensity  modu¬ 
lator  with  a  doped  PIN  semiconductor  junction,  G.  A.  Vawter, 
V.  M.  Hietala,  J.  R.  Wendt,  B.  A.  Fuchs,  M.  Hafich,  M.  Housel, 
M.  Armendariz,  C.  T.  Sullivan,  Sandia  National  Laboratories.  A 
high-electro-optic-efficiency  Mach-Zehnder  intensity  modulator 
is  demonstrated  with  a  bandwidth  exceeding  40  GHz.  The 
1-mm-long  modulator  has  a  switching  voltage  comparable  to 
undoped  semiconductor  designs  of  much  greater  length,  (p.  384) 


FAIRFAX  B 


3:30-5:00pm 

ITuH  •  Low-Cost  Photonic  Packaging  II 

Lewis  B.  Aronson,  Hewlett  Packard,  Presider 

3:30pm  (Invited) 

ITuHl  •  Towards  low  cost  single-mode  fiber  optic  components, 

David  G.  Parker,  hlewlett  Packard  Fibre  Optic  Components,  UK. 
This  paper  reviews  the  key  cost  components  in  producing  single 
mode  fiber  optic  transmitters  and  receivers.  Topics  such  as  the 
use  of  limited  monolithic  integration,  silicon  micromachining, 
passive  optical  alignment  and  low  cost  circuit  technology  will  be 
explored,  (p.  388) 

4:00pm 

ITuH2  •  Low-cost  automated  fiber  pigtailing  machine,  O.  T. 

Strand,  Lawrence  LivermoreNational  Laboratory.  This  ARPA- 
funded  project  has  built  three  machines  to  perform  automated 
sub-micron  alignments  and  attachments  of  single-mode  fibers  to 
different  optoelectronic  devices,  (p.  393) 

4:1  5pm 

ITuH3  •  Fiber  to  laser  coupling  on  silicon  optical  bench  plat¬ 
form,  G.  E.  Henein,  J.  V.  Gates,  L.  J.  Mulligan,  H.  M.  Presby,  j.  F. 
de  Jong,  Lucent  Technologies-Bell  Labs.  A  highly  efficient  and 
stable  approach  is  presented  to  actively  couple  and  solder  in  po¬ 
sition  a  single  mode  fiber  to  a  laser  chip.  (p.  396) 

4:30pm 

ITuH4  •  New  assembly  technology  for  small  surface  mount  LEDs, 

P.  Rajkomar,  Hewlett  Packard.  The  Optoelectronics  Division  of 
Hewlett-Packard  has  developed  a  new  technology  for  making 
surface  mount  L.E.D.  lamps  and  indicators  whereby  the  internal 
wire  bond  is  eliminated.  The  new  technology  dears  the  way  for 
products  with  enhanced  reliability  while  offering  a  path  to  fast 
and  inexpensive  proliferations,  (p.  400) 
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3rd  FLOOR  REGISTRATION  AREA 

7:30  am-5:30pm 

Registration 

FAIRFAX  A 


8:45-1 0:00am 

JWA  ®  Optical  Filters  and  Waveguides 
K.  A.  Shore,  University  of  Wales,  UK,  Presider 

8:45am 

JWA1  e  Narrowband  transmission  filters  from  highly  resonant 
gratings,  J.  C.  Chen,  P,  R.  Viilenueve,  H.  A.  Haus,  J.  D. 
Joannopoulos,  Massachusetts  institute  of  Technology  The  trans¬ 
mission  and  reflection  properties  of  optical  filters  with  extremely 
narrow  passbands  are  examined  by  a  FDTD  code  with  quartic 
perfectly  matched  layers,  (p.  406) 

9;00am 

1WA2  o  Improved  analysis  and  design  of  waveguide  Bragg 
grating  filters  for  v/avelengtb  division  multiplexing  applications, 
A.  Gnazzo,  A.  Barla,  C.  De  Bernardi,  CSELT  S.p.A.,  Italy  A  re¬ 
fined  analysis  of  amplitude-modulated  Bragg  grating  Is  presented 
that  includes  effective  index  variations  along  the  filter  to  predict 
stopband  perturbations.  On  this  basis,  integrated  filters  are  de¬ 
signed  with  nearly  ideal  response,  (p.  410) 

9:1  5am 

IVVAi3  ®  Design  of  fiber-matched  uncladded  rib  waveguides  on 
InP  with  polarization-independent  fiber  coupling  loss  of  1  dB, 
C.  M.  Weinert,  Heinrich-Hertz-lnstitute,  Germany.  A  waveguide 
taper  design  is  presented  for  uncladded  rib  waveguides  with  re¬ 
laxed  fabrication  tolerances  and  polarization-independent  fiber 
mode  matching  with  1  dB  loss.  (p.  414) 

9:30am 

IWA4  «  Analytical  study  of  birefringence  In  slab  waveguides, 
J.  Buus,  Cayton  Photonics  Ltd.,  UK;  J.  Haes,  R.  Baets,  Univ.  Cent, 
L'X.  A  simple  analytical  result  for  the  birefringence  of  a  symmetri¬ 
cal  slab  waveguide  is  derived  and  compared  with  numerical 
results,  (p.  41 8) 

9:45am 

I  WAS  ^  Reflectivity  analysis  of  optical  waveguides  with  coated 
and  tilted  facets  using  the  FD-TD  method  with  the  PML  absorb¬ 
ing  boundary  condition,  Junji  Yamauchi,  Shin'ichi  Aoki, 
Hisamatsu  Nakano,  hiosei  Univ.,  Japan.  The  FD-TD  method  with 
a  perfectly  matched  layer  absorbing  boundary  condition  allows 
us  to  evaluate  low  power  reflectivities  from  coated  and  tilted  fac¬ 
ets.  ip.  422) 

INDEPENDENCE  BALLROOM _ 

1 0:00-1 0:30am 
Coffee  BrealYExhibits 


FAIRFAX  8 


8:30-1 0:00am 

IWB  ®  Active  and  Passive  Waveguide  Devices 
Fred  Heismann,  AT&T  Bell  Laboratories,  Presider 

8:30am 

IWB1  «  Er:LiNb03  guided  wave  optica!  amplifiers  pumped  at 
980  nm,  Chi-hung  Huang,  Leon  McCaughan,  Univ.  Wisconsin- 
Madison.  Er-indiffused  Ti:LiNb03  and  ZnO:Mg:LiNb03  channel 
waveguide  amplifiers  pumped  at  980  nm  are  reported  for  the  first 
time  to  our  knowledge.  We  observed  the  largest  differential  gain 
and  pump  efficiency  to  date  in  this  substrate,  (p.  428) 

8:45am 

IWB2  «  Blue  light  generation  in  a  lithium  tantalate  waveguide 
domain-inverted  by  heat  treatment  with  a  mask,  Sang-Yun  Yi, 
Sang-Yung  Shin,  Korea  Advanced  Institute  of  Science  and  Tech¬ 
nology;  Yong-Sung  Jin,  Yung-Song  Son,  LG  Electronics  Research 
Center,  Korea.  Blue  light  is  generated  with  an  efficiency  1  500%/ 
Wcm2  in  a  lithium  tantalate  waveguide  that  is  periodically 
domain-inverted  by  heat  treatment  with  a  mask.  (p.  431) 

9:00am 

IWB3  «  Direct  observation  of  buried  refractive-index  profiles  in 
annealed  proton-exchanged  LiTaOs  wave-guides,  David  B. 
Maring,  Robert  F.  Tavlykaev,  Ramu  V.  Ramaswamy,  Univ.  Florida. 
Depth  profiles  of  planar-annealed  proton-exchanged  waveguides 
in  X-cut  LiTa03  are  measured  directly  by  use  of  a  reflectivity  tech¬ 
nique.  For  the  first  time,  buried  extraordinary  profiles  are 
confirmed  to  exist  and  ordinary  profiles  are  measured,  (p,  435) 

9:1  Sam 

IVVB4  Measurement  of  complex  coupling  coefficients  of  direc¬ 
tional  coupling  by  tbermo-optic modulation,  H.  Gnewuch,  Univ. 
Cambridge,  UK;].  E.  Roman,  R.  D.  Harris,  j.  S.  Wilkinson,  Univ. 
of  Southampton,  UK;R.  Ulrich,  Technische  Univ.  Hamburg,  Ger¬ 
many  We  demonstrate  the  measurement  of  real  and  complex 
coupling  coefficients  in  symmetrical  directional  couplers  and 
strongly  absorbing  directional  couplers  by  thermo-optic 
modulation,  (p.  439) 

9:30am 

IVV85  °  A'iechanisms  of  UV-induced  refractive  index  changes  in 
PECVD  silica,  M.  V.  Bazylenko,  M.  Gross,  P.  L.  Chu,  Univ.  New 
South  Wales,  Australia;  D.  Moss,  Univ.  Sydney  Australia.  Ge- 
doped  PECVD  silica  films  can  exhibit  an  increase  or  decrease  in 
refractive  index  after  UV  exposure.  Densification/expansion 
miechanisms  are  proposed  to  account  for  the  changes,  (p.  443) 

9:45am 

IWB6  ®  Loss  reduction  of  deeply  etched  InP/InGaAsP  waveguides 
by  CBE  regrowth,  C.  G.  M.  Vreeburg,  Y.  S.  Oei,  T.  L.  M.  Schoites, 
Delft  Univ.  Technology,  The  Netherlands;  j.  W.  Pedersen, 
Eindhoven  Univ.  Technology  The  Netherlands;  H.  Vonk,  C.  A. 
Verschuren,  R.  T.  H.  Rongen,  M.  R.  Leys,  J.  H.  Wolter,  Royal  PTT 
Nederland  N.V.,  The  Netherlands.  Transmission  loss  of  deeply 
reactive  ion-etched  InP/InGaAsP  ridge  waveguides  is  reduced 
significantly  by  regrowth  of  InP  on  the  sidewalls  with  use  of 
chemical  beam  epitaxy,  (p.  447) 


WEDNESDAY 


MAY  1, 1996 


INDEPENDENCE  BALLROOM 

10:00-1 0:30am 
Coffee  Break/ExhibIts 

FAIRFAX  A  _ _ 


10:30am-1 2:00m 

IWC  •  Polarization  Selective  Devices 

Ramu  V.  Ramaswamy,  University  of  Florida,  Presider 

1 0:30am 

IWC1  •  Poling-induced  waveguide  polarizers  in  electro-optic 
polymers,  Min-Cheol  Oh,  Sang-Yung  Shain,  Korea  Advanced 
Institute  of  Science  and  Technology;  Wol-Yon  Hwang,  Jang-Joo 
Kim,  Electronics  and  Teleconnnnunications  Research  Institute, 
Korea.  TE-pass  and  Tm-pass  polymeric  waveguide  polarizers  are 
demonstrated  by  integration  of  photobleached  polymer 
waveguides  supporting  both  TE  and  TM  modes  and  poling-induced 
polymer  waveguides  that  support  either  TE  or  TM  modes,  (p.  452) 

1  0:45am 

IWC2  •  New  metal-free  polarization  splitter  on  InGaAsP/lnP,  Jos 

j.  G.  M.  van  der  Tol,  jorgen  W.  Pedersen,  Ed  G.  Metaal,  j.  Jan- 
Willem  van  Gaalen,  Royal  PTT Nederland  N.V.,  The  Netherlands; 
Y.  Siang  Oei,  Fokke  H.  Groen,  Delft  Univ.  Technology,  The 
Netherlands.  A  new  directional  coupler  polarization  splitter  is 
presented.  It  uses  the  large  waveguide  birefringence  of  the  first- 
order  modes  in  a  ridge  waveguide.  Components  are  1 .5  mm  long, 
showing  splitting  ratios  up  to  20  dB  (@  1 .5  pm),  (p.  456) 

1 1 :00am  (Invited) 

IWC3  •  Integrated  optics  versus  micro-optics — a  comparison, 

E.  C.  M.  Pennings,  A,  A.  M.  Staring,  Philips  Optoelectronics  Centre, 
The  Netherlands;  M.  K.  Smit,  Delft  Univ.  Technology,  The  Nether¬ 
lands;  G.-D.  Khoe,  Technical  Univ.  Eindhoven,  The  Netherlands. 
Integrated-optic  and  micro-optic  devices  are  compared  from  a  mar¬ 
ket  and  a  technical  perspective.  A  specific  performance  comparison 
is  made  for  wavelength  demultiplexers,  (p.  460) 

1 1:30am 

IWC4  •  High-speed  polarization  scrambler  with  adjustable 
frequency  chirp,  Fred  Heismann,  Robert  W.  Smith,  AT&T  Bell 
Laboratories.  We  present  a  novel  electro-optic  polarization  scram¬ 
bler  that  induces  a  variable  amount  of  common  phase  modula¬ 
tion  in  the  depolarized  output  light.  Pure  phase  and  polarization 
modulation  are  demonstrated  at  7.5  GHz.  (p.  464) 

11:45am 

IWC5  •  Novel  compact  InP-based  polarization  converters  using 
ultrashort  bends,  C.  van  Dam,  L.  H.  Spiekman,  F.  P.  G.  M.  van 
Ham,  F.  H.  Groen,  M.  K.  Smit,  Delft  Univ.  Technology,  The 
Netherlands;  J.  j.  G.  M.  van  der  Tol,  PTT  Research,  The 
Netherlands;  I.  Moerman,  Univ.  Gent,  Belgium;  W.  W.  Pascher, 
Fern  Univ.,  Germany;  M.  Hamacher,  H.  Heidrich,  C.  M.  Weinert, 
Heinrich  Herz  Institut,  Germany.  A  novel  compact  type  of  polar¬ 
ization  converter  is  realized  that  uses  curved  waveguides  with 
small  bending  radii.  Strong  polarization  conversion  (>  85%)  is 
measured  with  excess  loss  of  only  2.7  dB.  (p.  468) 


FAIRFAX  B 


10:30am-1 2:00m 

IWD  •  Active  Semiconductor  Devices 

S,  Chandrasekhar,  Lucent  Technologies,/Bell  Laboratories, Presider 

1 0:30am 

IWD1  •  A  gain-clamped,  crosstalk  free,  vertical-cavity  lasing 
semiconductor  optical  amplifier  for  WDM  applications, 

J.  D.  Walker,  F.  G.  Patterson,  S.  P.  Dijaili,  R.  J.  Deri,  Lawrence 
Livermore  National  Laboratory.  We  have  fabricated  and  tested  a 
semiconductor  optical  amplifier  that  is  gain  clamped  by  vertical- 
cavity  lasing  and  amplifies  horizontally  with  25  dB  crosstalk 
suppression.  (p.  474) 

1  0:45am 

tWD2  •  Wavelength  accuracy  and  output  power  of  multiwave¬ 
length  DFB  laser  arrays  with  integrated  star  couplers  and  opti¬ 
cal  amplifiers,  M.  R,  Amersfoort,  C.  E.  Zah,  B.  Pathak,  F.  Favire, 
P.  S.  D.  Lin,  A.  Rajhel,  N.  C.  Andreadakis,  R.  Bhat,  C.  Caneau, 
M.  A.  Koza,  Bellcore.  We  report  the  static  performance  of  multi¬ 
wavelength  DFB  laser  arrays  with  integrated  star  couplers  and 
optical  amplifiers.  Wavelength  deviations  of  ±2  nm  or  less  from 
the  eight-wavelength  comb  designated  by  ONTC  have  been 
achieved  with  high  yield.  High  power  into  a  single  mode  fiber  of 
about  -13  dBm  and  0  dBm  per  wavelength  has  been  measured 
without  and  with  on-chip  optical  amplification,  respectively, 
(p.  478) 

1 1 :00am 

tWD3  •  Flip-chip  bonded  0.85-um  vertical-cavity  surface-emit¬ 
ting  laser  array  using  an  AlCaAs  substrate,  Yoshitaka  Ohiso,  Kouta 
Tateno,Yoshitaka  Kohama,  Takashi  Kurokawa,  NTT Opto-electron- 
ics  Laboratories,  Japan;  Hideki  Tsunetsugu,  NTT  Interdisciplinary 
Research  Laboratories,  japan.  A  flip-chip  bonded  0.85-um  VCSEL 
array  on  an  AIGaAs  substrate  demonstrates  a  power  conversion 
efficiency  of  11.7%  and  a  maximum  operating  temperature  of 
1  30  degrees  C.  (p.  482) 

11:15am 

IWD4  •  Integrable  polarization-insensitive  InGaAsP/lnP 
Mach-Zehnder  switch,  T.  Uitterdik,  H.  van  Brug,  F.  H.  Groen, 
H.  j.  Frankena,  C.  G.  M.  Vreeburg,  Delft  Univ.  Technology,  The 
Netherlands;  }•  ]•  G.  M.  van  der  Tol,  Royal  PTT  Nederland  N.V., 
The  Netherlands.  A  low  loss  polarization-insensitive  InGaAsP/lnP 
Mach-Zehnder  switch  with  a  phase  shifting  efficiency  of  14.5 
degrees/V  mm  and  crosstalk  values  around  -14  db  is  presented, 
(p.  486) 

11:30am 

IWD5  •  Terahertz  tunable  polarization-switching  VCSELs,  S.  Y. 

Chou,  M.  Y.  Liu,  R.  C.  Shi,  L.  Zhuang,  S.  J.  Schablitsky,  Univ. 
Minnesota.  A  polarization-switching  vertical-cavity  surface- 
emitting  laser  with  a  tunable  oscillation  frequency  as  high  as 
several  terahertz  is  proposed.  The  frequency  tuning  is  provided 
by  fabricating  the  waveplate  and  a  mirror  monolithically  on  a 
movable  microcantilever,  (p.  490) 


12:00rrv~1 :45pm 
Lunch  on  Own 


XV 


WEDNESDAY 


1 1 :45am 

IWD6  «-  Cryogenic  vertical-cavity  laser  for  low  power  free-space 
optical  interconnects,  Y,  A.  Akulova,  B.  J.  Thibeault,  J.  C.  Ko, 
E.  Goobar,  L.  A.  Coldren,  Univ.  California-Santa  Barbara.  By  use 
of  limited  oxidation  in  a  dielectric  apertured  structure,  single- 
mode  vertical-cavity  lasers  with  submilliamp  thresholds  over  the 
77-300  K  temperature  range  are  demonstrated,  (p.  494) 

12:00m-l  :45pm 
Lunch  on  Own 

FAIRFAX  A 


2:00-3:00pm 

IVVE  ®  Diffractive  and  Reflective  Elements 

Leon  McCaughan,  University  of  Wisconsin-Madison,  Prcsider 

2:00pm 

IWE1  »  High  efficiency  focusing  waveguide  grating  coupler  with 
parallelogramic  groove  profiles,  Tingdi  Liao,  Stephen  Sheard, 
Ming  Li,  Univ.  Oxford,  U/C;  Jianguo  Zhu,  Phil  Prewett,  Rutherford 
Appleton  Laboratory,  UK.  A  high-efficiency  focusing  waveguide 
grating  coupler  with  parallelogramic  groove  profiles  and  double¬ 
layered  grating  structure  is  proposed  and  designed  and  is  fabricated 
by  electron  beam  lithography,  (p.  498) 

2:1 5pm 

IWE2  «  Gratings  with  parallelogramic-shape  grooves  for  unidi¬ 
rectional  coupling  in  large  guidance  waveguides,  V.  A.  Sychugov, 
A.  V.  Tishchenko,  Russian  Academy  of  Sciences;  O.  Parriaux, 
Formerly  CSEM,  Switzerland.  High-efficiency  TE  and  TM  unidi¬ 
rectional  coupling  is  shown  to  be  obtainable  in  large  index  differ¬ 
ence  waveguides  loaded  by  a  grating  of  parallelogramic  shape 
grooves,  (p.  502) 

2:30pm 

IWE3  o  Periodically  segmented  tapered  waveguide  for  mode-size 
transformation  and  fundamental  mode  excitation,  Ming-Hsien 
Chou,  Mark  A.  Arbore,  Martin  M.  Fejer,  Stanford  Univ.  We  report 
the  use  of  segmented  waveguides  with  axially  varying  duty  cycle 
to  implement  adiabatic  tapers  for  mode  size  transformation, 
(p.  506) 

2:45pm 

IWE4  «  Low-loss  GaAs/AIGaAs  waveguide  corners  for  compact 
optical  delay  lines,  J.  M.  Heaton,  M.  M.  Bourke,  S.  B.  Jones,  K.  P. 
Hilton,  D.  R.  Wight,  Defence  Research  Agency,  UK.  We  present 
results  of  loss  measurements  for  different  corner  types  and  sizes 
and  demonstrate  the  advantages  of  using  near-hyperbolic  corners 
designed  to  minimize  transition  losses.  (p.  510) 

INDEPENDENCE  BALLROOM _ 

3:00-3:30pm 
Coffee  Break/Exhibits 


FAIRFAX  B 


1 :45-3:00pm 

IWF  »  Advanced  Laser  Structures 
Uziel  Koren,  AT&T  Bell  Laboratories,  Presidcr 

1 :45pm 

IWF1  •  Impact  of  current  blocking  structure  on  the  coupling 
characteristics  in  1.3-\im  spot-size  converted  laser  diodes, 
Y.  Suzaki,  O.  Mitomi,  Y.  Tohmori,  H.  Okamoto,  Y.  Kondo,  Y.  Sakai, 
M.  Okamoto,  Y.  Kadota,  NTT  Opto-electronics  Laboratories, 
japan.  Impact  of  buried-heterostructure  design  on  the  coupling 
characteristics  are  clarified  in  newly  spot-size  converted  laser 
diodes.  By  introduction  of  proposed  design,  low-loss-coupling 
characteristics  (<2  dB),  with  a  low  threshold  current  (<6  mA), 
and  a  high  temperature  operation  (~1  OC'C)  are  obtained,  (p.  51 6) 

2:00pm 

IWF3  »  Large  diameter  semiconductor  ring  lasers  in  tensile- 
strained  InP/InGaAsF  material,  Thomas  F.  Krauss,  Hanson 
Pottinger,  A.  Catrina  Bryce,  John  H.  Marsh,  Richard  M. 
De  La  Rue,  Glasgow  Univ.,  UK;  Chris  C.  Button,  John  S.  Roberts, 
Sheffield  Univ.,  UK.  Semiconductor  ring  lasers  with  3  mm  cir¬ 
cumference  show  a  threshold  current  of  1 1 0  mA  at  1 .52  pm.  The 
strained  DQW  materia!  exhibits  a  threshold  current  density  of 
193  A/cm2.  (p.  520) 

2:1  5pm 

IWF4  »  Output  characteristics  of  high  power  GaAs/GaAlAs 
double  heterostructure  rib-waveguide  bow-tie  lasers, 

I.  Middiemast,  J.  Sarma,  Univ.  Bath,  UK;  P.  S.  Spencer,  Univ.  Wales, 
UK.  The  output  characteristics  of  high-power  bow-tie  lasers  are 
measured  and  shown  to  compare  well  with  theoretical  results, 
(p.  524) 

2:30pm 

IWFS  ^  A  simple,  but  accurate  expression  for  the  static  and  dy¬ 
namic  chirp  in  DFB  lasers,  Geert  Morthier,  Piet  Verhoeve,  Roel 
Baets,  Univ.  Gent,  Belgium.  An  accurate  formula  for  the  chirp, 
resulting  from  gain  suppression,  spatial  hole  burning,  and 
relaxation  oscillations,  is  presented.  It  shows  where  and  where 
not  to  use  the  effective  a-factor  and  how  to  include  the  spatial 
hole  burning  contribution,  (p.  529) 

2:45pm 

IWFS  ®  The  microstrip  laser,  D.  A.  Tauber,  A.  L.  Holmes  jr., 

J.  E.  Bowers,  Univ.  California-Santa  Barbara;  LA.  Horita,  KDD  R&D 
Laboratories,  Japan;  B.  I.  Miller,  AT&T  Bell  Laboratories.  We 
present,  we  believe,  the  first  results  from  a  novel  laser  structure, 
the  microstrip  laser.  This  laser  incorporates  a  thick  gold  layer 
beneath  the  lower  cladding  for  excellent  high  frequency  and  high- 
power  performance.  The  lasers  are  fabricated  in  the  InGaAsP 
material  system  and  operate  at  1 .55  jim.  (p.  533) 

INDEPENDENCE  BALLROOM _ _ 

3:00-3:30pm 
Coffee  Break/Exhibits 


xvl 


FAIRFAX  A _ _ 

3:30-5:1 5pm 

IWG  •  Integrated  Optics  and  Micromacbining 

Robert  J.  Deri,  Lawrence  Livermore  National  Laboratory,  Presider 

3:30pm  (Invited) 

IWG1  •  Integrated-optical  nanomechanical  systems,  \N.  Lukosz, 
Swiss  Federal  Institute  of  Technology,  Switzerland.  Nanometer- 
variations  of  the  width  of  an  air  gap  between  waveguide  and  di¬ 
electric  bridge  or  cantilever  induce  effective-refractive-index 
changes  required  to  lO  device  operation,  (p.  538) 

4:00pm 

IWG2  •  Actuated  micromacbined  microreflector  with  two  de¬ 
grees  of  freedom  for  integrated  optical  systems,  Michael  J. 
Daneman,  Norman  C.  Tien,  Olav  Solgaard,  Kam  Y.  Lau,  Richard 
S.  Muller,  Univ.  California-Berkeley.  An  electrostatically  actuated 
micromachined  microreflector  is  presented.  This  device  positions 
an  optical  beam  in  two  dimensions  and  is  intended  for  self-aligning 
optical  systems  on  silicon,  (p.  541) 

4:15pm 

IWG3  •  Design  and  fabrication  of  high-performance  silicon 
micromachined  resonant  microscanners  for  optical  scanning 
applications,  Meng-Hsiung  Kjang,  Richard  S.  Muller,  Kam  Y.  Lau, 
Univ.  California-Berkeley;  Olav  Solgaard,  Univ.  California-Davis. 
We  fabricate  microma-chined  resonant  microscanners  that  have 
resonant  frequencies  of  3  kHz  and  28°  (optical)  maximal  scan 
angles.  Barcode  reading  with  use  of  this  microscanner  is  demon¬ 
strated.  (p.  545) 

4:30pm 

IWG4  •  Photonic  integrated  circuits  for  optical  displacement 
sensing,  Hans  P.  Zappe,  Daniel  Hofstetter,  Paul  Scherrer  Institute, 
Switzerland.  A  photonic  circuit  for  interferometric  optical  displace¬ 
ment  measurement  is  presented.  The  chip  has  a  monolithically 
integrated  DBR  laser  and  detector:  sub-1 00-nm  measurement 
resolution  is  achieved.  (p.  549) 

4:45pm  (Invited) 

IWG5  •  Widely  tunable  micromacbined  optical  filters,  M.  S.  Wu, 

E.  C.  Vail,  C.  j.  Chang-Hasnain,  Stanford  Univ.  We  demonstrate  a 
surface-normal  GaAs  Fabry-Perot  filter  with  70  nm  continuous 
tuning  range  requiring  5V tuning  voltage.  Micromechanical  tuning 
is  achieved  by  electrostatically  deflecting  the  top  mirror  of  the 
resonator  which  is  freely  suspended  as  a  cantilever,  (p.  553) 


FAIRFAX  B 


3:30-5:00pm 

IWH  •  Symposium  on  Parallel  Optical  Interconnects  and  Avian 
Technologies 

Mark  Lowry,  Lawrence  Livermore  National  Laboratory,  Presider 

3:30pm 

IWH1  •  POLO — gigabyte/s  parallel  optical  links  for  multimedia, 
computer  cluster,  and  switching  systems,  Kenneth  H.  Hahn, 
Robert  E.  Wilson,  Kirk  S.  Giboney,  Tuochuan  Huang,  Michael  R. 
Tan,  Joseph  Straznicky,  David  W.  Dolfi,  Waguih  Ishak,  Hewlett- 
Packard  Laboratories.  Performance  results  of  the  10-channel 
POLO  transceiver  module  are  presented.  The  design  and  assembly 
of  the  second  generation  POLO  module  are  discussed,  (p.  558) 

4:00pm 

IWH2  •  An  easily  assembled  optical  device  for  coupling  single¬ 
mode  planar  waveguides  to  a  fiber  array,  M.  Takaya,  M.  Kihara, 
S.  Nagasawa,  NTT  Access  Network  Systems  Laboratories,  Japan. 
We  develop  an  easily  assembled  optical  coupling  device  that 
consists  of  two  mechanically  transferable  (MT)  type  connector 
plugs  and  a  waveguide  chip  whose  ends  are  passively  positioned 
in  a  novel  plug  component  compatible  with  the  MT-type 
connector.  (p.  561) 

4:1 5pm 

IWH3  •  Passive  alignment  technique  for  all-silicon  integrated 
optics,  R.  Moosburger,  B.  Schuppert,  U.  Fischer,  K.  Peterman, 
Technische  Univ.  Berlin,  Germany.  A  self-aligned  fiber  pigtailing 
for  silicon-based  integrated  optics  with  use  of  a  silicon  micro- 
optical  bench  is  demonstrated.  An  excess  loss  of  <1.5  dB  is 
achieved  for  standard  single-mode  fiber/SOI-chip  coupling  with 
passive  alignment,  (p.  565) 

4:30pm 

IWH4  •  Passively  aligned  pin  pbotodetector  array's  on  silicon 
waferboard  platforms,  A.  j.  Negri,  j.  F.  Mehr,  G.  A.  Duchene, 
M.  j.  Tabasky,  C.  A.  Armiento,  P.  O.  Haugsjaa,  GTE  Laboratories; 
D.  Yap,  H.  P.  Hsu,  W.  W.  Ng,  D.  M.  Bohmeyer,  H.  W.  Yen,  Hughes 
Research  Laboratories.  This  paper  describes  the  assembly  process 
used  in  the  fabrication  of  microwave  frequency,  array  optical 
receiver  modules  using  pigtaiied  fiber  ribbon,  and  pin 
photodetector  arrays  mounted  on  silicon  waferboard  platforms. 
Included  in  this  description  are  the  passive  fiber  alignment  and 
novel  characterization  techniques  used  during  assembly,  (p.  569) 
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3rd  FLOOR  REGISTRATION  AREA _ 

7:30am-5:30pm 

Registration 

8:00-1 0:1 5am 

IThA  ®  Optica!  System  Modeling 

Curtis  Menyuk,  University  of  Maryland,  Presider 

8:00am  (Invited) 

IThA  1  e  Modeling  the  performance  of  WDM  lightwave  systems, 
Fabrizio  Forghieri,  AT&T  Bell  Labs.  Theoretical  modeling  and  split- 
step  simulations  are  complementary  techniques  to  understand  the 
performance  of  WDM  lightwave  systems.  Their  strengths  and 
weaknesses  are  discussed  and  a  synergistic  approach  to  their  use 
is  described,  (p.  572) 

8:30am 

IThA2  Feasibility  of  40  Gbit/s  single-cbannel  transmission  over 
embedded  standard  fiber^  Dirk  Breuer,  Klaus  Petermann, 
Technische  Univ.  Berlin,  Germany.  We  compare  two  different 
dispersion  compensating  techniques — dispersion  compensating 
fibers  and  optica!  phase  conjugation— for  their  suitability  for  future 
high-speed  TDM  systems  operating  at  40  Gbit/s  over  embedded 
standard  single-mode  fiber,  (p.  576) 

8:45am 

IThA3  «  Novel  tapped  delay  line  transmitter  pulse  shaping  for 
reducing  dispersion  penalty  of  a  10  Gbit/s  transmission  system^ 
Y.  R.  Zhou,  L.  R.  Watkins,  Univ.  Wales,  UK.  A  tapped  delay  line 
for  transmitter  pulse  shaping  is  proposed  to  reduce  the  chromatic 
dispersion  penalty  for  a  10  Gbit/s  system  with  standard  single 
mode  fiber,  allowing  a  transmission  distance  of  1  70  km.  (p.  580) 

9:00am 

IThA4  »  Optical  correlation  receiver  employing  phase  modulated 
optical  orthogonal  codes,  Gordon  R.  Strachan,  S.  K.  Chaudhuri, 
Univ.  Waterloo,  Canada.  The  advent  of  optical  amplifiers  allows 
one  to  construct  optical  receivers  using  optical  signal  processing 
elements  to  simplify,  and  thus  increase  the  bandwidth  of,  the  re¬ 
maining  electrical  components  while  still  maintaining  the  required 
sensitivity.  In  this  paper  we  present  a  novel  line  coding  scheme 
which  is  used  to  implement  an  all-optica!  clock  recovery  circuit 
and  a  correlation  receiver  bank  to  further  increase  the  channel 
data  rate.  (p.  584) 

9:15am  (Invited) 

IThAS  «  Multiple  length  scales  and  averaging  in  modelling  of 
long-distance  optical  fiber  transmission,  Curtis  Menyuk,  Univ. 
Mary!ancl-BG  Averaging  techniques  play  a  key  role  in  modelling 
long-distance  optical  fiber  transmission.  The  history  and  practical 
applications  of  this  technique  are  discussed,  (p.  590) 

9:45am 

JThA6  o  Dynamics  of  stimulated  Brillouin  scattering  and  its  ef¬ 
fects  on  fiber  supported  millimeter-wave  communication  sys¬ 
tems,  S.  L.  Zhang,  j.  j.  O'Reilly,  Univ.  College  London,  UK. 
Dynamics  of  SBS  and  its  effects  on  fiber-supported  millimeter- 
wave  communication  systems  are  studied.  More  information  is 
provided  compared  with  steady-state  analysis,  (p.  594) 


1  0:00am 

ITbA7  »  Dispersion  and  self-phase  modulation  compensation 
based  on  a  negative  nonlinearity,  C.  Pare,  A.  Villeneuve,  P.-A. 
Belanger,  Univ.  Laval,  Canada;  N.  J.  Doran,  Aston  Univ.,  UK.  We 
show  how  a  dispersive  medium  with  a  negative  nonlinear 
refractive  index  might  be  used  to  compensate  for  the  dispersion 
and  the  nonlinear  effects  resulting  from  pulse  propagation  in  an 
optical  fiber,  (p.  598) 

INDEPENDENCE  BALLROOM 
10:1 5-1 0:30am 
Coffee  Break/Exhibits 

FAIRFAX  B 


8:30-1 0:00am 

IThB  o  Symposium  on  Hybrid  Packaging  of  lll-V 

Components  to  Single-Mode  Fibers 

Joseph  Shmulovich,  AT&T  Bell  Laboratories,  Presider 

8:30am  (Invited) 

IThB1  «  Hybrid  integration  using  silica-on-si!icon  optical 
motherboards,  Carole  Jones,  Ken  Cooper,  Maurice  Nield,  Robert 
Waller,  Jim  Rush,  John  Collins,  Phil  Fiddyment,  Ian  Lealman,  BT 
Laboratories,  UK.  The  building  blocks  for  micromachined  silicon 
hybrid  optical  motherboards  are  described.  Examples  of 
motherboard  modules  developed  at  BT  Laboratories  are  also  dis¬ 
cussed.  (p.  604) 

9:00am 

!TbB2  ^  Silica-based  optical  waveguide  devices  with  novel  fiber 
guide  structure  for  alignment-free  fiber  coupling,  N.  Kitamura, 
S.  Mizuta,  T.  Shimoda,  M.  Kitamura,  S.  Nakamura,  NEC  Corp., 
Japan.  Silica-based  optical  waveguide  devices  with  newly  de¬ 
signed  fiber  guide  with  multiple  Si  mesas  are  demonstrated  for 
alignment-free  fiber  coupling.  Average  coupling  loss  as  low  as 
0.36  dB  is  achieved  from  80  devices,  (p.  608) 

9:15am 

IThBS  o  An  integrated  opto-electronic  transceiver  module, 
R.  E.  Scotti,  P.  J.  Anthony,  J.  V.  Gates,  Lucent  Technologies/Bell 
Labs; Goodwin,  D.  Siebert,  AlliedSignal  Aerospace  Guidance 
&  Control  Systems.  We  report  on  a  bi-directional  single-mode 
integrated  opto-electronic  transceiver  module  being  developed 
under  an  ARPA  Technology  Reinvestment  Project  (TRP).  (p.  612) 

9:30am 

IThB4  «  Estimation  of  waveguide  loss  of  1.3  pm  narrow  beam 
lasers  fabricated  by  selective  MOCVD,  A.  Kasukawa, 
N.  Yamanaka,  N.  Iwai,  Yokohama  R&D  Laboratories,  Japan.  We 
present  the  experimental  estimation  of  waveguide  loss  and  high 
performance  (Pout  >  50  mW,  Tmax  =  1  20°C,  FWHM  of  FFP  angles 
of  11°  X  11°)  of  1.3  pm  integrated  vertically  tapered  waveguide 
la.sers  fabricated  by  selective  MOCVD.  (p.  616) 

9:45am 
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IThB5  •  Low-loss  and  low-cost  fiber  coupling  of  980  nm  laser 
diodes,  J-M.  Verdiell,  M.  Ziari,  D.  F.  Welch,  SDL.  We  demon¬ 
strate  packaging  techniques  for  high-efficiency  and  passive  align¬ 
ment  fiber  coupling  of  980-nm  laser  diodes.  A  passive  alignment 
technique  for  bonding  arrays  demonstrates  36%  coupling  and  70 
mW  power  into  a  silica  on  silicon  waveguide,  and  a  new  circular 
mode  laser  design  demonstrates  less  than  1  dB  coupling  loss  to  a 
cleaved  fiber.  (p.  620) 

INDEPENDENCE  BALLROOM  _ 

10:00-1 0:30am 
Coffee  Break/Exhibits 

FAIRFAX  A  _ 


10:30-1 1:45am 

IThC  •  Switches  and  Modulators 

Catherine  H.  Bulmer,  U.S.  Navaf  Research  Laboratory,  Presider 

1 0:30am 

ITbCI  •  Reflective  linearized  modulator,  C.  E.  Betts,  F.  J.  O'Donnell, 
K.  G.  Ray,  MIT  Lincoln  Laboratory;  D.  K.  Lewis,  D.  E.  Bossi,  K.  Kissa, 
G.  W.  Drake,  Uniphase  Telecommunication  Products.  A  simple 
linearized  modulator  is  made  from  a  lithium  niobate  Mach- 
Zehnder  interferometric  modulator  by  attachment  of  a  mirror  to 
one  end.  An  11  dB  improvement  in  linear  dynamic  range  is  dem¬ 
onstrated.  (p.  626) 

1 0;45am  (Invited) 

\TbC2  •  Space  switching  and  wavelength  routing  with  polymer 
components,  Marc  Donckers,  Akzo  Nobel,  The  Netherlands.  Poly¬ 
mer  space  switches  are  available  and  wavelength  multiplexers 
are  under  development.  The  need  for  these  components  grows 
with  the  importance  of  dynamic  network  reconfiguration  and  the 
advent  of  WDM.  (p.  630) 

11:15am 

ITbC3  •  Low  crosstalk  polymer  waveguide  optical  switch  and 
switching  matrix,  N.  Keil,  H.  H.  Yao,  C.  Zawadzki,  Heinrich- 
Hertz-lnstitut,  Germany.  A  polymer  waveguide  thermo-optic  2  3 
2  switch  exhibiting  very  low  crosstalk  (<2  40  dB)  atX=  ^  .55  }im 
is  reported  and  a  4  3  4  switching  matrix  with  a  crosstalk  of  <2  30 
dB  is  demonstrated,  (p.  633) 

11:30am 

IThC4  •  Crosstalk-reduced  digital  optical  switch  with  single  elec¬ 
trode  designed  on  InP,  H.-P.  Noiting,  M.  Gravert,  Heinrich-hlertz- 
Institut,  Germany;  M.  Bachmann,  M.  Renaud,  Alcatel  Alsthom 
Recherche,  France.  The  integration  of  a  single  electrode  mode 
converter  into  a  digital  optical  switch  to  reduce  the  crosstalk  to 
2  40  dB  is  proposed  and  investigated  theoretically,  (p.  637) 


FAIRFAX  B 


10:30am-1 2:00m 

ITbD  •  Semiconductor  Components  for  Fiber  in  the  Loop 

Jun  Yu,  Bell-Northern  Research,  Ltd.,  Canada,  Presider 

10:30am  (Invited) 

ITbDI  *  Optical  hybrid  integration  technology  using  a  PLC  plat¬ 
form  and  spot-size  converted  devices,  Yasufumi  Yamada,  NTT 
Opto-electronics  Laboratories,  Japan.  Optical  hybrid  integration 
is  promising  for  achieving  a  low-cost  optical  module  for  fiber-to- 
the-home  (FTTH)  applications.  A  planar  lightwave  circuit  (PLC) 
platform  and  a  spot-size  converted  semiconductor  device  are  key 
elements  of  this  technology.  This  paper  reviews  recent  progress 
in  hybrid  integration  toward  a  low-cost  optical  module,  (p.  642) 

1 1 :00am 

IThD2  •  A  polarization-insensitive  semiconductor  optical  ampli¬ 
fier  with  integrated  electroabsorption  modulators,  U.  Koren, 
B.  I.  Miller,  M.  G.  Young,  M.  Chien,  G.  Raybon,  T  Brenner, 
R.  Ben-Michael,  K.  Dreyer,  R.  J.  Capik,  AT&T  Bell  Laboratories. 
We  demonstrate  a  1.55  )a.m  wavelength  multiple  quantum  well 
semiconductor  optical  amplifier  integrated  with  bulk  layer 
electroabsorption  modulators  and  passive  waveguide  beam  ex¬ 
panders  at  the  input  and  output  ports,  (p.  645) 

1 1 :1  Sam 

ITbD3  •  Large-spot  laser  diodes  with  stable  carrier  frequency  by 
an  external  fiber  grating,  R.  Zengerle,  H.  Burkhard,  R.  Ries,  Ch. 
Greus,  E.  Kuphal,  Deutsche  Telekom  AG,  Germany;  B.  Hubner, 
Univ.  Wurzburg,  Germany.  A  directly  modulated  semiconductor 
laser  in  InP  with  integrated  spot-size  adaptation  and  butt-coupled 
fiber  grating  as  wavelength  reference  is  presented  for  operation 
at  bit  rates  up  to  2.5  Gbit/s.  (p.  649) 

1 1 :30am 

ITbD4  •  Re-engineering  the  receiver:  creating  a  low  cost  fiber- 
in-tbe~loop  component,  S.  Chandrasekhar,  Leda  Lunardi,  Lucent 
Technologies/Bell  Laboratories.  Semiconductor  devices  for  use 
in  fiber-to-the-home  (FTTH)  applications  need  to  be  made  with 
low  cost,  high  reliability,  large  volume,  and  good  performance. 
The  receiver  is  one  crucial  component.  This  talk  examines  issues 
related  to  the  photodetector  and  the  preamplifier  electronics  for 
viable  FTTH  applications.  Both  hybrid  and  monolithic  approaches 
are  discussed  and  potential  areas  for  engineering  are  enumerated, 
(p,  653) 

11:45  am 

Closing  Remarks 


XiX 


Monday,  April  29,  1996 


Plenary  Session 


IMA  8:30  am-l  0:00  am 
Fairfax  A&B 


David  O.  Yevick,  Presider 
Queen's  University,  Canada 
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The  Challenging  Road  Towards  a  High-Performance  WDM  Technology 


T.L.  Koch 
SDL,  Inc. 


Technical  issues  to  be  addressed  include  long-term  source  channel  capacity,  wavelength 
stability  and  reliability,  increased  demultiplexer  capacity,  channel  selectivity  and  decreased 
loss,  and  choosing  among  the  rich  set  of  technical  possibilities  for  implementing  the  new 
functions  of  wavelength  add-drops,  wavelength  conversion,  and  even  wavelength  cross- 
connect  switches.  This  talk  surveys  available  technological  solutions  and  new  emerging 
approaches,  compared  on  the  basis  of  fundamental  design  limitations  and  practical  fabrication 
and  implementation  issues  that  affect  both  performance  and  cost. 
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How  Can  Integrated  Optics  for  Telecom  Become  a  Big  Business? 

Laura  A.  Weller-Brophy,  3M  Telecom  Systems  Division 
John  P.  Ryan,  Ryan  Hankin  Kent,  Inc. 


It  has  been  nearly  30  years  since  the  inception  of  integrated  optics,  with  Shubert  and 
Harris  (1)  demonstrating  planar  waveguides  in  thin  dielectric  films.  Stewart  Miller  (2) 
envisioned  a  “miniature  form  of  laser  beam  circuitry...  [where]  photolithographic  techniques 
may  permit  simultaneous  construction  of  complex  circuit  patterns.”  With  integrated  optics 
close  on  the  heels  of  silicon-based  electronics,  there  was  reasonable  optimism  that  the 
lithographic  processing  that  afforded  cost-effective  mass  production  for  electronics  would  do 
the  same  for  integrated  optical  circuitry.  This  vision,  while  not  yet  realized,  is  coming  closer 
to  maturation  (3-5). 

The  deployment  of  optical  fiber  in  the  long-haul,  distribution,  and  drop  portions  of 
telecommunications  networks  is  driving  the  development  and  manufacture  of  integrated  optic 
components.  In  long-distance  networks,  where  transmission  rates  are  the  highest,  fiber  optics 
is  the  dominant  transmission  medium.  This  is  based  on  the  superior  economics  afforded  in 
long-distance  telecommunications  by  the  high  distance-bandwidth  product  resulting  from  the 
combination  of  singlemode  fiber  with  long-wavelength  laser  diodes.  Even  with  lightwave 
systems  historically  quadrupling  transmission  speeds  every  four  years,  there  are  routes  where 
rapidly  rising  demand  is  soon  to  outstrip  readily  available  bandwidth. 

Carriers  have  several  choices  to  expand  upon  the  2.5  Gbit/sec  capacity  of  current  long-haul 
networks.  These  include  installing  new  fiber  expanding  capacity  with  TDM  devices,  and 
increasing  the  number  of  channels  with  dense  WDM  (DWDM)  systems.  Providers  such  as 
MCI  and  Alcatel  are  exploring  the  latter,  with  DWDM  systems  in  trial.  MCI  currently  is 
deploying  four-channel  2.5  Gbit/sec  systems  to  increase  capacity  by  300  percent.  They  are 
working  to  increase  long-haul  capacity  further  through  the  use  of  eight  channels  by  the  end  of 
the  millennium.  Alcatel  is  working  on  a  two-channel,  lOGbit/sec  transmission  system;  the 
rough  equivalent  to  the  eight-channel,  2.5  Gbit/sec  system  of  MCI.  Ciena  Corp.  has 
introduced  a  16-channel  DWDM  system.  In  this  era  of  migration  to  DWDM  networks, 
significant  challenges  are  posed  to  the  technical  community  that  include  the  need  for; 

•  low-loss  dispersion  compensation 

•  low-loss  polarization  mode  dispersion  compensation 

•  optical  line  amplifiers  with  flat  gain  characteristics 

•  filters  and  lasers  fitting  into  a  standardized  wavelength  plan  for  DWDM 
optical  switching 

•  external  modulators  for  wavelength-stabilized  sources 

•  photonic  switches  (cross-connects) 
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To  some  degree,  integrated  optics  can  be  used  to  address  these  needs  with  DWDM  filters, 
external  modulators,  and  photonic  switches  in  various  degrees  of  development  and 
production.  As  one  example,  DWDM  filtering  can  be  achieved  using  micro-optics,  planar 
waveguide  circuits,  and  fiber-based  systems.  While  arrayed  waveguide  devices  and 
concatenated  Mach-Zehnder  circuits  have  been  demonstrated  in  the  laboratory,  packaged 
waveguide  devices  for  multiplexing  four  or  more  wavelengths  are  not  yet  manufactured  in 
quantity;  manufacturing  processes  remain  labor-intensive,  and  devices  are  considered 
“custom”.  It  is  unclear  whether  the  DWDM  market  will  expand  to  support  mass  production; 
mass  production,  with  significant  factory  automation,  typically  requires  individual 
manufacturing  centers  to  produce  1,000,000  or  more  devices  per  year.  For  deployment  in 
the  long-haul  networks,  there  is  no  one  clear  integrated  waveguide  product  projected  to 
support  mass  production  of  1,000,000  units/year/manufacturer. 

Markets  supporting  such  levels  of  mass  production  will  most  likely  be  found  as  fiber  is 
pushed  closer  to  the  home.  Passive  optical  access  networks  such  as  that  illustrated  below 
incorporate  waveguide  components  such  as  IXN  and  2XN  splitters,  and  WDMs. 


Branching,  Components  in  Fiber  Networks 


Ref;  Dan  Nolan,  Corning  Inc. 


From  this  figure,  it  is  clear  that  the  most  significant  emerging  market  opportunity  is  the 
optical  network  interface  (ONI)  at  the  home  or  pedestal,  incorporating  both  WDM  and  1X2 
products.  In  this  example,  closely  following  the  fiber  architecture  proposed  by  NTT,  a  WDM 
is  used  to  separate  the  video  and  POTS  services  by  wavelength,  with  the  1X2  allowing  bi¬ 
directional  traffic  over  a  single  fiber.  Some  estimates  indicate  that  the  proposed  NTT 
deployment  alone  will  consume  in  excess  of  three  million  waveguide  splitters  and  WDMs 
annually  within  the  next  two  to  five  years.  The  success  of  this  NTT  deployment  is  expected 
to  spur  a  wider  deployment  of  the  FTTH  architecture  on  a  global  scale. 
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The  success  of  this  NTT  deployment  will  rest,  in  part,  upon  the  ability  of  manufacturers  to 
mass  produce  integrated  optic  products  with  increased  efficiency,  thereby  achieving 
substantial  factory  cost  reductions.  With  the  major  fraction  of  planar  waveguide  device 
manufacturing  costs  tied  to  the  semi-automated  pigtailing,  packaging,  and  testing  operations, 
there  is  impetus  to  streamline  and  automate  these  processes  so  to  reduce  costs.  It  has  been 
suggested  that  component  price  reductions  on  the  order  of  80  percent  are  required  to  achieve 
acceptable  deployment  costs;  the  80  percent  reduction  spans  the  active  and  passive 
waveguide  devices,  fiber  terminations,  fiber  handling,  opto-electronics,  etc. 

Integrated  optic  component  manufacturers  stand  to  gain  significantly  from  this  accelerated 
deployment  of  fiber  deeper  into  the  access  network.  From  the  perspective  of  the  integrated 
optics  community,  FTTC  and  FTTH  are  the  drivers  to  support  scale-up  of  integrated  optic 
components  such  as  splitters,  WDMs,  integrated  transceivers,  integrated 
transmitters/modulators,  and  wavelength  filtering  products. 

This  paper  will  look  at  the  international  market  forces  supporting  the  scale-up  of  volume 
production  of  integrated  optic  components,  and  at  the  implications  for  device  manufacturers, 
vendors,  and  technology  developers.  We  also  examine  the  rationale  for  integrated  optics 
devices,  considering  the  trade-offs  in  device  performance  and  cost  (5). 
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The  NxN  arrayed- waveguide  grating  (AWG)  multi/demultiplexer  [1]  has  become  one  of 
the  key  integrated-optic  components  in  wavelength- division  multiplexing  (WDM)  communication 
networks.  The  reported  methods  [2]- [4]  for  the  design  and  performance  simulation  of  AWGs 
have  so  far  been  limited  to  2-D  scalar-wave  analysis  using  the  effective-index  method  in  the 
vertical  direction.  In  this  paper  we  present  a  computationally  efficient  3-D  vector-wave  technique 
for  analyzing  and  designing  AWGs  including  the  effects  of  waveguide- slab  junction  coupling 
losses  and  TE  and  TM  polarizations.  Neglecting  the  effect  of  waveguide  bending,  and  the  loss 
and  mode  coupling  in  the  funnel  sections,  the  AWG  shown  in  Fig.  1(a)  will  be  modeled  by  the 
equivalent  cu  cuit  of  Fig.  1(b),  where  the  input  and  output  star  couplers  S  and  S  are  interconnected 

by  M^^^  arrayed  waveguides  with  AL  the  incremental  length  difference.  The  transmission 
coefficient  Tjj  of  the  AWG  between  waveguide  hiput-i  and  output-j  is  thus  given  within  a  constant 
phase  term  by 

T.j=  S  SikSkj 

k=l 

where  (3^  is  the  channel- waveguide  propagation  constant.  The  star  coupling  coefficients  S^,  and 
Skjare  calculated  in  the  geometry  of  Fig.  1(c).  To  estimate  the  waveguide-slab  junction  couphng 
loss,  suppose  the  incident  waveguide  mode  is  either  quasi- TE  or  quasi-TM  (referred  to  simply  as 
TE  and  TM  in  the  following)  and  the  slab  region  in  Fig.  1(c)  also  supports  a  single  TE  or  TM 
surface  mode  vertically.  The  channel  and  slab  waveguide  mode  characteristics  are  liist  analyzed 
by  the  rigorous  vector- wave  mode-matcliing  method  (MMM)  [5].  The  waveguide  mode,  when 
launched  into  the  slab,  will  predominantly  excite  the  slab  surface  wave  of  the  same  polarization 
along  with  a  continuum  of  radiation  fields  which  escape  vertically  away  from  the  slab  near  the 
junction.  Since  only  the  slab  surface  waves  can  propagate  and  be  coupled  into  various  output 
waveguides,  we  can  take  a  projection  of  the  total  incident  fields  on  the  dominant  surface-wave 
term  (assuming  neghgible  reflection),  and  obtain  the  aperture  field  distribution  at  zf=0'^  as 


TM 


Ey (x,  y)  =  E^,(x)(t)  1 1  (y)/n^ (y),  E ^"(x)  =. 


S 

m=l 


Vn(x) 

C™V2m(x), 


x|  <  w/2 
x|  >  w/2 


(2.1) 


TE 


H“(x,y)  =  H^(x)(pn(y), 


m=l 


In(x), 

C™l2m(x), 


|x|  <  w/2 
|x|  >  w/2 


(2.2) 


where  nj(y)  is  the  piece-wise  constant  material  index  profile  of  region-i,  (|)i„,(y)  and  (Pi„,(y)  are 
respectively  the  E-type  and  H-type  slab  mode  functions  of  order  m  for  that  region,  and  V;,„(x)  and 
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I^(x)  are  the  corresponding  x-directional  wave  function  [5].  The  projection  ratios  C™  and  C™ 
are  given  by 


C™  =  j  <l)2m(y)<|)ii(y)dy 

•'  njCy) 

Cjp  =  j(p2m(y)cpii(y)dy 


(3) 


The  aperture  field  distributions  (2.1)  and  (2.2)  take  into  account  the  junction  coupling  loss  from 
the  3-D  channel-waveguide  mode  to  the  2-D  slab  surface  waves.  According  to  the  theory  of 
aperture-antennas  [6],  the  far  fields  resulting  from  the  aperture  field  in  (2.1)  or  (2.2)  can  be 
expanded  in  a  plane-wave  spectrum  propagating  in  difierent  directions.  When  expressed  in  the 
cylindrical  coordinates  associated  with  the  input  waveguide,  it  can  be  shown  by  using  the 
stationary  phase  technique  of  integration  that  the  y-component  of  far  fields  for  TM  incidence  is 

Ey(r,e,y)  =  cose  F(p,sin0)  (l)ii(y)/n?(y)  (4) 


with  F  the  Fourier  transform  of  the  aperture  fields  given  by 
F(pssin0)  =  E^(x)  eJ’^P^^^^dx 


(5) 


where  P^  is  the  slab  surface-wave  propagation  constant  and  n^=X.p/27i  Similar  expressions  for  TE 
incidence  follow  by  changing  Ey  to  Hy  and  (l)ii(y)/ni(y)  to  (pn(y)  in  (4)  and  (5).  The  coupling 
between  the  input  and  output  waveguides  arranged  in  the  far-field  zone  of  each  other,  as  shown  in 
Fig.  1(c),  can  be  derived  from  the  Lorentz  reciprocity  theorem 

^  ^  ^  e-j(PsR-7c^4)  F;(p^sin0i)Fo(-Pssinao)  cos0i  costto  (6) 

where  p=-a)n„  for  TE  and  coe^  for  TM.  The  procedure  described  above  can  be  appHed  to  both  the 
input  and  the  output  star  couplers.  However,  for  most  reported  designs  of  AWGs,  the  input  star 
and  output  star  couplers  are  identical  and  symmetrically  arranged.  Therefore  we  have  Sjk-  Ski. 

The  present  method  of  analysis  is  first  applied  to  a  16x16  AWG  with  a  7x7  pm  core  of  a 
core-cladding  index  difference  An=0.75%.  The  AWG  is  designed  for  A?i=0.8  nm  with  a 
diffraction  order  M=118  (other  structural  parameters  are  given  in  Fig. 2).  For  this  waveguide 
stmcture,  the  convergence  studies  associated  with  the  MMM  confirm  that,  by  using  20  TE^^^  and 
20  TM''^  slab  basis  mode  functions  (i.e.  N^xp^20  in  (2.1)  and  (2.2)),  the  channel-waveguide  mode 
effective  indices  of  both  polarizations  converge  to  within  5x10"’  corresponding  to  the  convergence 
of  star  coupling  coefficient  better  than  0.01  dB.  The  required  number  of  arrayed  waveguides, 
M^^.^^=101,  is  determined  by  the  coupling  efficiency  of  the  input  star.  Under  these  conditions,  the 
AWG  transmission  coefficients  between  the  center  input  and  various  outputs  are  shown  in  Fig.  2 
versus  wavelength.  The  data  is  essentially  identical  for  both  TE  and  TM  polarizations  due  to  low 
An  and  square  core.  The  calculated  center  wavelength  (at  the  peak  of  T^q)  is  Xfl„=1555.87  nm  in 
contrast  to  the  measured  data  X(,o=1554.7  nm  [7],  the  difference  can  be  attributed  to  a  lower  An  in 
the  fabricated  waveguide.  (Note  in  [7]  the  effect  due  to  stress  birefiingence  was  eliminated  using 
the  polyimide  waveplate)  The  channel  spacing  shown  in  Fig.2  is  0.8  nm  as  designed.  The 
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calculated  minimum  loss  of  is  0.7  dB  as  compared  to  the  measured  data  -1.7  dB  [7] 
(excluding  the  fiber  coupling  loss  and  loss  due  to  the  waveplate),  which  corresponds  to  an  excess 
loss  of  1  dB.  When  the  measured  data  and  the  simulated  results  are  overlaid  at  the  point  of 
minimum  loss,  very  good  agreement  is  seen  down  to  -25  dB.  The  measured  higher  crosstalk  can 
be  caused  by  fabrication  phase  errors  [8].  The  effect  of  loss  imbalance  [9],  as  also  shown  in  Fig.  2, 
is  plotted  in  Fig.  3  for  the  transmission  T^  between  any  input-i  and  any  output-j  evaluated  at  then- 
pass  wavelengths  A.^.  For  any  fixed  input  or  fixed  output,  the  loss  imbalance  between  the  center 
and  the  marginal  waveguides  is  about  2.8  dB,  which  also  agrees  with  the  measured  data  2-3  dB. 

To  illustrate  the  effect  of  polarization  dependence  of  AWGs,  the  present  analysis  is  also 
apphed  to  the  design  of  a  28x28  AWG  with  high-delta  waveguides  (An=5%).  For  the  structural 
parameters  given  in  Fig.4,  the  transmission  coefficients  T(,j  for  j=  -1,0,  and  1  are  plotted  for  both 
TE  and  TM  polarizations.  There  is  about  0.43  nm  shift  between  TE  and  TM  pass  wavelengths, 
which  confirms  that,  in  additional  to  the  process-dependent  stress  biiefiingence  [7],  the  effect  of 
waveguide  shape  birefiingence  is  not  neghgible  for  AWG  devices  using  high-delta  waveguides. 

In  summary,  we  have  presented  an  efficient  3-D  analysis  and  design  tool  for  AWG  devices 
using  the  vector-wave  mode-matching  method  and  the  theory  of  aperture  antennas.  The  simulated 
transmission  characteristics,  including  the  loss  imbalance,  for  a  low-delta  16x16  AWG,  agree  well 
with  the  measured  data.  In  addition,  the  effect  of  waveguide  shape  birefiingence  on  the 
polarization  wavelength  shift  in  an  AWG  with  high-delta  waveguide  is  illustrated. 

The  authors  wish  to  thank  H.  Takahashi  for  many  useful  discussions.  This  work  is  funded 
by  AEPA  contract  MD  A972-95-C-0001. 
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Fig.l  Schematics  illustrating  (a)  the  waveguide  structures  of  a  typical  NxN  AWG, 
(b)  the  equivalent  circuit,  and  (c)  the  geometry  of  coupling  through  the  slab  region. 
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Fig.2  Transmission  characteristics  T^- 
of  a  16x16  AWG.  Solid  lines  -  this  analysis, 
dashed  line  -  measured  data  from  [7]. 
Input/output  waveguides:  An=0.75%, 
core  7x7  pm;  slab:  focal  length=9381  pm, 
waveguide  spacing=25  pm;  arrayed  waveguides: 
AL=126.46  pm,  M^.g=101,  grating ordei^llS. 


Fig.4  TE  and  TM  transmission  characteristics 
(j=-l,0,  and  1)  of  an  AWG  with  higli-delta  waveguide. 
Input/output  waveguides:  An=5%,  core  1.2x1. 5  pm; 
slab:  focal  length=2179  pm,  waveguide  spacing=8  pm; 
arrayed  waveguides:  AL=37.14  pm,  M^^^g=201, 
grating  ordei^42. 
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Fig,3  The  peak  transmission  T^  at  their  pass 
wavelengths  X-  for  the  16x16  AWG  of  Fig.  2. 
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I.  Introduction 

The  design  of  optical  dielectric  waveguide  bends  is  important  in  integrated  optical 
circuits.  The  bends  may  be  used  to  turn  light  beem  for  the  desired  angle  and  route  it  to  the 
desired  location.  The  bends  have  several  advantages  over  deep-etched  turning  mirrors: 
they  are  easy  to  fabricate  and  can  be  used  in  buried  waveguide  structures  where  mirrors 
cannot  be  built.  For  these  reasons,  accurate  calculation  of  the  loss  of  optical  dielectric 
waveguide  bends  is  important 

Since  Marcatili  published  the  first  theoretical  paper  on  bends  in  optical  dielectric 
guides  in  1969  [1],  a  large  number  of  methods  have  been  developed  to  analyze  waveguide 
bends.  Heiblum  and  Harris  [2]  used  the  conformal  transformation  method  in  which  the 
curved  waveguide  is  translated  into  an  equivalent  straight  waveguide  with  a  transformed 
index  profile.  Gu  et  al.  [3],  analyzed  a  curved  ridge  waveguide  using  the  method  of 
lines(MoL).  The  scalar  finite-element  method  (SEEM)  has  been  also  applied  to  curved 
waveguides  [4].  Vectorial  analysis  of  waveguide  bends  has  been  performed  using  method 
of  lines  by  Pregla  et  al.  [5],  [6]  and  vectorial  analysis  of  circularly  curved  channel 
waveguides  with  rectangular  cross-section  has  been  done  using  source-type  integral 
equation  method  by  Blok  et  al.  [7]. 

In  this  paper,  the  finite-difference  method,  which  has  been  widely  used  for  the 
analysis  of  straight  waveguides,  was  applied  to  the  full  vector  analysis  of  waveguide 
bends.  To  construct  the  boundary  conditions  at  the  interfaces  where  the  index  profile  is 
discontinuous,  the  method  used  by  Stem  [8]  was  extended. 

Ho  Formulation 

The  configuration  of  the  bend  is  depicted  in  fig.  1.  From  Maxwell’s  equations  in 
the  cylindrical  coordinates,  two  Helmholtz  equations  are  derived  assuming  the  lightwave 

propagates  in  the  6  direction: 

r2^  +  r  ^  r2^  r2k2n2y  -h  2r2^  =  v2i|/  (1) 

ar2  dr  dz2  ^  dz  ^  ^  ’ 

r2^  +  r|^  +  r2^  +  r2k2n20  =  v24,  (2) 

dr2  dr  dz2 

where  'P  =  rEr,  <1)  =  Ez  and  v  is  the  complex  angular  propagation  constant.  In  deriving 

above  equations.  Eg  was  eliminated  using  the  divergence  equation.  By  using  the  finite- 
difference  scheme,  above  two  equations  are  discretized  and  a  matrix  eigenvalue  equation  is 
obtained: 

AX  =  v2x  (3) 

where  X  is  an  eigenvector  which  consists  of  field  values  at  each  node  in  the  calculation 
domain. 
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III.  Boundary  conditions 

The  finite-difference  scheme  was  modified  to  satisfy  the  boundary  conditions  at  the 
internal  dielectric  interfaces.  At  all  internal  interfaces,  the  continuity  of  Eq,  He,  and  the 
other  tangential  component  of  the  electric  field,  and  the  discontinuity  of  the  normal 
component  of  the  electric  field,  were  satisfied.  The  external  boundary  of  the  calculation 
domain  was  located  far  from  the  guiding  region  and  it  is  assumed  the  that  tangential 
component  of  the  electric  field  at  the  external  boundary  is  zero.  A  variable  spacing  mesh 
was  used  for  this  purpose. 

IV.  Numerical  method 

To  solve  the  matrix  eigenvalue  problem  (3),  the  shifted  inverse  power  method  [9] 
was  used,  in  which  any  desired  eigenvalue  and  corresponding  eigenvector  can  be  obtained. 

V.  Results 

The  method  developed  in  the  above  sections  was  employed  to  analyze  the 
waveguide  bend  whose  cross  section  is  shown  in  fig.  1.  A  guiding  layer,  GaAs,  is  on  a 
thick  Alo.i5GaO.85As  layer.  At  the  wavelength  of  1.15  Urn,  the  refractive  indexes  of 
GaAs  and  Alo.i5GaO.85As  are  3.44  and  3.35  respectively.  Fig.  2  shows  the  contour 
plots  of  the  r  component  of  the  electric  field  of  waveguide  bend  whose  radii  of  curvature 
are  200  Um  and  500  M-m.  We  can  see  that  the  center  of  the  mode  of  waveguide  shifted  to 
the  outer  edge  of  bend  in  r  direction,  and  the  smaller  the  radius  of  curvature,  the  further  the 
center  shifts. 


(a) 


(b) 


Figure  1  Configuration  of  waveguide  bend  Figure  2  Contour  plots  of  field 

(a)  contour  plot  of  Er  for  R  =  200Um 

(b)  contour  plot  of  Er  for  R  =  500W-m 

Effective  index  of  waveguide  bend  can  be  defined  as 
n^f  =  Re(v)/(koR)  (4) 

where  kg  is  wave  number  in  free  space,  V^fk,  and  R  is  the  radius  of  curvature  of  bend.  As 
shown  in  fig.  1,  R  is  defined  as  the  radius  of  the  outer  edge  of  the  waveguide  bend. 
Calculated  effective  index  is  plotted  as  a  function  of  radius  of  curvature  in  fig.  3,  and  it  is 
found  that  as  R  increases,  effective  index  tends  to  that  of  straight  waveguide 
asymptotically. 


Etl*ctiv«  lnd»x 
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The  loss  of  90°  bend  due  to  radiation  is  obtained  by  the  equation: 

Lrad  =  20  logio  {exp[(  ^/2)Im(v)] ) .  (5) 

The  radiation  loss  vs.  radius  of  curvature  is  plotted  in  fig.  4.  The  loss  of  same  structure 
was  calculated  by  Gu  et  al.  [3]  and  Yamamoto  et  al.  [4].  The  loss  calculated  by  Gu  et  al. 
[3]  is  plotted  with  our  result  in  fig.  4.  Similar  results  were  also  reported  by  Yamamoto  et 
al.  [4].  For  large  radius  of  curvature  (R  >  200  !-t-m),  our  result  agrees  very  well  with  Gu’s. 
For  the  radius  smaller  than  200  Um,  our  calculated  loss  shows  some  difference  from  Gu’s, 
and  we  surmise  that  the  difference  may  be  due  to  the  external  boundary  condition,  but  we 
are  uncertain  about  this,  as  changing  the  distance  between  the  external  boundary  and  the 
bend  edge  does  not  show  any  difference  in  radiation  losses.  As  shown  in  fig.  4,  the  loss 
for  quasi-TE  mode  is  higher  than  that  for  quasi-TM  mode.  This  polarization  dependence  of 
the  loss  arises  from  the  tighter  confinement  of  the  field  in  z  direction  than  in  r  direction  for 
the  waveguide  structure  considered  here. 


Figure  3  Effective  index  vs.  curvature  Figure  4  radiation  loss  vs.  curvature 

The  transition  losses  of  bends  due  to  mode  mismatch  at  various  radii  of  curv'ature 
were  calculated  from  overlap  integral.  The  overlap  integrals  for  two  differently  polarized 
inputs,  quasi-TE  mode  and  quasi-TM  mode,  were  done  separately.  Since  we  assumed 
both  ends  of  the  90°  bend  are  connected  with  straight  guides,  the  overlap  integral  was 
performed  twice.  The  structure  considered  here  is  a  multi-mode  waveguide.  For  the 
convenience  of  calculation,  the  overlap  integral  was  done  using  only  the  fundamental  mode 
of  the  straight  waveguide.  The  minimized  transition  loss  with  optimal  offsets  at  the  ends  of 
bend  was  calculated  from  the  shifted  overlap  integral.  The  transition  loss  and  the 
minimized  transition  loss  with  optimal  offset  was  plotted  in  fig.  5 

VI.  Conclusion 

In  this  paper,  a  full  vectorial  analysis  of  optical  dielectric  waveguide  bends  using 
the  finite-difference  method  has  been  developed.  The  formulation  was  based  on  electric 
field  components,  Er  and  Ez.  To  set  up  the  boundary  conditions  at  each  dielectric  interface, 

the  continuity  of  E@,  H0,  and  the  tangential  component  of  electric  field,  and  the 
discontinuity  of  the  normal  component  of  electric  field  were  satisfied.  The  field 
distributions  of  the  bend  shown  in  fig.  1  were  calculated  with  various  radii  of  curvature  and 
losses  were  also  calculated.  By  applying  optimal  offsets  at  the  conjunctions  between  the 
straight  waveguide  and  the  waveguide  bend,  we  minimized  the  transition  loss. 
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Radius  of  curvature(mlcron) 


Figure  5  Transition  loss  vs.  curvature 
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!.  INTRODUCTION 

In  the  past  bent  channel  waveguides  have  been  modeled  with  the  effective  index 
approximation  and  the  scalar  wave  equation  in  the  large  radius  limit  [1]  as  well  as  using  a  semivector 
formulation  [2].  Unfortunately,  these  approaches  have  obtained  limited  success.  In  most  cases  only 
qualitative  results  can  be  extracted  from  these  models  when  studying  curved  channel  waveguides. 
Therefore,  more  sophisticated  numerical  techniques  are  required  to  predict  the  quantitative  behavior 
of  bent  channel  waveguides  in  several,  more  complicated  applications  where  the  vectorial  nature  of 
the  field  may  play  a  role.  Examples  of  some  of  these  applications  are  semiconductor  and  polymer  ring 
and  microdisk  lasers  [3,4], 

The  use  of  the  scalar  wave  equation  in  cylindrical  coordinates  has  been  demonstrated  to  be 
accurate  in  the  numerical  determination  of  both  the  field  profiles  and  the  loss  rates  [5].  Since  current 
research  has  led  to  regions  of  interest  which  are  well  beyond  the  large  radius  limit  accuracy  will 
certainly  become  an  issue  in  the  near  future.  With  this  in  mind,  implementing  a  version  of  the  full 
vector  wave  equation  will  certainly  become  vital  for  several  applications.  In  this  paper  a  full  vector 
beam  propagation  method  for  bent  channel  waveguides  based  on  Bi-Conjugate  Gradient  method  is 
presented. 

11.  THE  WAVE  EQUATION 

In  this  paper  we  will  use  the  full  vector  wave  equation  in  cylindrical  coordinates.  As  it  stands 
this  wave  equation  is  not  easily  reduced  into  a  form  that  is  dependent  solely  on  the  transverse 
components  as  we  would  have  it  in  a  straight  z-invariant  structure;  coupling  from  the  longitudinal 
component  is  explicit  in  the  equations.  Fortunately  this  explicit  dependence  can  be  factored  out  by 
using  other  relations  [6].  In  addition,  it  is  not  in  a  form  that  is  easy  to  implement  numerically.  A 
format  that  is  more  appropriate  is  what  is  known  as  the  local  coordinate  system  [6]  (Figure  1,  top 
view  of  waveguide).  Using  the  following  coordinate  transformations:  r=/? -bar,  and  z=y, results 

in  the  following  set  of  equations  in  the  slowly  varying  envelope  approximation. 


fv?  + 

(  3k' 

k'‘  ^  k'‘  I 
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)  dx 
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Y-Component 


r 

Vt  + 

1 

K 

2ik  dEy 
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where  x  is  measured  from  the  center  of  the  waveguide  and  R  is  the  radius  of  curvature,  K=l/f?  and 
4=1  +KX. 


Advantages  to  this  format  are:  (1)  the  numerical  window  can  be  reduced  to  within  a  few 
microns  around  the  center  of  the  waveguide  and  (2)  the  path  of  propagation  is  along  the  center  of 
the  waveguide  which  will  give  a  true  representation  of  the  field  cross  section  at  every  stage. 

ni.  THE  ITERATIVE  METHOD  AND  NUMERICAL  IMPLEMENTATION 

The  method  used  to  solve  the  two  coupled  equations  for  bent  channel  waveguides  is  the  Bi- 
Conjugate  Gradient  Method  (BiCG).  This  method  follows  from  a  long  line  of  iterative  methods  used 
to  solve  the  general  problem  Ax=b.  It  first  assumes  a  solution  x  =  Xg.  Then  by  constructing  a  subset 
of  basis  vectors  at  each  iteration,  based  on  the  residual  vector  r=  |  Ax-b  | ,  an  improved  solution  to  x 
=  x„  results.  More  basis  vectors  can  used  to  extrapolate  what  is  the  actual  solution  to  within  a 
specified  tolerance. 

For  the  case  at  hand,  the  matrix  A  is  a  complex  non-Hermitian  matrix  for  which  there  are  few 
iterative  methods  that  will  converge.  I  specifically  use  BiCGstab,  an  algorithm  created  by  Van  Der 
Vorst  [7]  and  modified  by  Gutknecht  [8]  for  complex  matrices.  The  reason  is  that  it  has  been  found 
to  stable  for  many  different  types  of  problems  involving  matrices  of  this  kind  but  one  underlying 
disadvantage  is  the  fact  that  it  converges  more  slowly  than  other  routines. 

The  numerical  implementation  of  this  set  of  coupled  equations  is  straightforward.  A  set  of 
linear  difference  equations  results  using  a  modified  Crank-Nicolson  scheme,  with  a  variable  stablity 
parameter  (O.S^F^l.O),  to  finite  difference  the  equations.  The  matrix  that  is  obtained  is  a  sparse 
banded  matrix  with  21  non-zero  diagonals  in  its  most  general  form.  The  location  of  the  main 
component  elements  and  the  coupling  terms  are  shown  on  the  matrix  A  (Fig.  2).  The  column  matrix 
next  to  A  shows  the  ordering  of  the  elements  that  make  up  the  field  points  for  both  components  at 
level  /;-l-l.  The  elements  of  column  vector  b  are  defined  by  the  values  of  the  field  at  the  previous 
level,  /?. 

IV.  RESULTS  AND  DISCUSSION 

In  Fig.  3  a  set  of  intensity  profiles  for  both  polarizations,  and  E^,  showing  the  effects  of 
strong  bending  are  present.  The  calculations  are  done  for  a  ridge  waveguide  width  W=2.0p.m,  height 
H  =  1.1pm  and  depth  d  =  0.2pm,  with  n,  =  3.34,  nf  =  3.44  and  n,  =  1.0.  The  computational  window 
is  4.0pm  by  4.0pm  symmetric  around  (0,0)  and  number  of  points  used  are  N„  =  N,  =  81.  Other 
parameters  are:  A.  =  1.50pm,  Az=0. 1pm.  A  stability  parameter  of  r=0. 7  is  used. 

For  each  of  the  polarizations  straight  and  curved  waveguide  profiles  are  shown;  R  =  » 
(K  =  0pm  ')  and  R=  100pm  (K=0.01pm  ‘).  Similar  plots  for  larger  radii  have  been  found  in  the  case  of 
strong  curvature,  K^0.002pnr'.  A  simple  observation  that  can  be  made  from  looking  at  the  curved 
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waveguide  plots  is  that  the  outgoing  radiation  escapes  through  the  regions  of  lower  index  contrast. 
Knowledge  of  this  may  suggest  how  bent  channel  waveguides  should  be  designed  to  reduce  losses. 

In  minor  component  plots  for  the  curved  waveguide  there  is  strong  coupling  of  power  into 
the  other  polarization  showing  that  the  minor  component  increases  drastically  in  power  due  to  the 
bending.  For  the  and  Ej,  polarizations  the  ratios  of  the  field  amplitudes  (minor/main)  are  0.218  and 
0.23, respectively.  We  also  notice  an  obvious  breakdown  in  symmetry  of  the  minor  components,  going 
from  an  asymmetric  field  to  one  that  is  somewhat  symmetric  with  respect  to  the  index  profile.  For 
curved  waveguides  with  several  modes  this  would  lead  to  mode  conversion  (coupling  to  higher  order 
modes)  into  the  other  polarization  which  could  be  critical  in  some  applications.  These  effects  would 
never  be  predicted  using  a  scalar  or  semivector  formulation. 
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Introduction  In  designing  optical  communication  network  devices  flexible 
computational  methods  are  needed  to  model  optical  waveguiding  structures.  Exist¬ 
ing  methods,  like  the  beam  propagation  method  (BPM),  lack  the  possibility  to  take 
the  interaction  between  counter-propagating  waves  in  those  structures  into  account. 
Recently,  the  Bremmer  coupling  series  [1]  has  been  proposed  as  part  of  a  new  field 
decomposition  method  [2,  3],  the  first  term  of  which  corresponds  to  the  classical  beam 
propagation  method.  In  this  paper  we  discuss  the  numerical  implementation  of  this 
series.  As  an  example  to  show  the  potential  possibilities  of  the  new  approach  we  model 
the  reflection  phenomena  inside  a  Multimode  Interference  (MMI)  combiner. 


Basic  Equations  Starting  form  the  Maxwell  ecprations  in  time  domain,  we 
first  apply  a  time-Fourier  transform  and  subsequently  decompose  the  electromagnetic 
field  constituents  (for  the  time  being  denoted  as  {Fi,  F2})  into  a  wave  W'^  propagating 
in  the  positive  xs-direction  and  a  wave  IF''  propagating  in  the  negative  Xs-direction 


■  IF- 

[a  a  ■ 

'  \  Fi' 

IF- 

“  [  F  -r 

.  ^2  . 

These  waves  satisfy  the  first-order  matrix  equation 
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In  case  of  TE-polarized  waves  in  a  2-dimensional  configuration,  we  have  Fj  =  F2, 

F2  =  -Hu  A  =  F  =  (£r  +  k-^dl)F  T  =  -R=  The  left-hand 

side  of  (2)  is  well  known  as  the  forward  and  backward  (“wide-angle”)  Beam  Propagation 
equations,  while  the  right-hand  side  describes  the  interaction  between  the  forward-arid 
backward-propagating  waves.  In  this  paper  we  focuss  on  taking  this  interaction  term 
into  account.  Time-domain  results  are  obtained  by  an  inverse  time-Fourier  transform. 


Bremmer  Coupling  Series  Equation  (2)  can  be  rewritten  into  an  integral 
equation  [2].  In  compact  operator  form,  this  integral  equation  reads 
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where  (xi ,  X2,  x^)  is  the  transmitted  forward  wave,  which  is  the  only  term  computed 
in  the  Beam  Propagation  Method.  The  interaction  between  the  counter-propagating 
waves  is  described  by  the  integral  operator  K.  If  the  norm  of  this  operator  K  is  less 
than  1,  the  Neumann  expansion  can  be  applied  to  the  inverse  of  (l  —  K)  at  the  left-hand 
side  of  equation  (3) .  This  leads  to  the  Bremmer  coupling  series 

OO 

W  =  Y^  +  •  •  • .  (4) 

j=o 

The  term  can  be  interpreted  as  the  j-times  reflected  wave  and  its  relation  with  the 
{j  -  l)-times  reflected  wave  is  given  by 

=  (i>l),  (5) 


By  rewriting  the  operator  K  in  terms  of  product  integrals  [4],  a  recursive  numerical 
scheme  is  obtained  [5]. 


Numerical  Implementation  In  order  to  show  the  numerical  implemen¬ 
tation  of  each  term  of  the  Bremmer  coupling  series,  we  first  investigate  one  of  the  4 
elements  at  the  right-hand  side  of  (5),  e.g.  K+^+W+^^\  In  short-hand  notation,  we  can 
write 

{K+,+wi^~^^){mAx3)  =  -  1)A.T3)  -t-  q{mAx^),  (6) 

where  P{mAxi)  is  the  propagation  operator  as  used  in  the  Beam  Propagation  Method 
and  q{mAxi)  is  the  calculated  transmitted  field  in  one  unit  step  along  the  propagation 
direction.  The  computation  of  q  involves  the  evaluation  of  the  transmission  operator 
T.  In  a  similar  way  the  other  terms  on  the  right-hand  side  of  (5)  can  be  determined. 
The  resulting  scheme  is  summarized  in  a  flow  chart  (see  Figure  1). 


Numerical  Example  In  our  numerical  example  we  have  approximated  the 
operator  F  with  aid  of  a  third-order  Thiele  approximation  within  a  local  comoving 
reference  frame  [6,  7].  For  the  reflection  and  transmission  operators  we  have  used 
approximations  on  principal  symbol  level  [7]. 

Figure  2  gives  a  numerical  example  of  the  reflections  phenomena  in  a  A4ultimode 
Inference  combiners,  as  used  for  instance  in  semi-conductor  ring  lasers  [8].  Details  are 
given  in  the  corresponding  caption. 

Conclusion  and  Discussion  We  have  demonstrated  that  the  field  de¬ 
composition  method  together  with  the  Bremmer  coupling  series  allows  us  to  include 
the  interaction  between  the  counter-propagating  waves.  From  results  for  practical  con¬ 
figurations  with  high  reflection  phenomena,  like  the  MMTcombiner,  we  may  conclude 
that  only  a  few  terms  (2  or  3)  of  the  series  already  yield  good  results.  The  overall 
computation  time  is  then  in  the  order  of  5  or  9  times  the  BPM  computation  time, 
respectively. 
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Incident  field  is  given 


Fourier  Transform:  t  — >  u 
For  every  uj 


decomposition:  F  — »■  W _ 

For  every  term  j  of  Bremmer  coupling  series,  {j  =  0, 1,  2,  •  •  •) 


Initialize  the  4  terms  in  KW^l 

For  every  forward  propagation  step  m,  (m  =  1,  2,  •  •  • ,  M) 

Compute  (/F+__|_IF+  ^^)(mAx3)  and  ^^)(mAa;3) 

W^\mAx3)  =  (A:+,+VF^"^'  + 

composition  — >  forward  propagating  part  of  and  F2'* 

adding  to  previous  fields  +  storage 

For  every  backward  propagation  step  m,  (m  =  M  —  1,  •  •  • ,  0) 

Compute  ^'^){mAxz)  and  ^'^){mAx2) 

W^^\mAxi)  = 

composition  — v  backward  propagating  part  of  F^^  and  F^^'^ 

adding  to  previous  fields  +  storage 

Inverse  Fourier  Transform  u  ^  t  yields  field  at  the  positions  of  interest 
Figure  1:  Flow  chart  of  the  numerical  implementation  of  the  Bremmer  coupling  series 
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Figure  2:  Two  MMI-conibiners  under  investigation.  The  fnndamental  waveguide  mode 
is  launched  into  the  waveguide  at  the  left  side  of  the  MMl.  The  structure  is  depicted 
in  the  first  row:  A  =  1.55/xin,  nM'h/U  ~  3.245,  ^background  —  2.0,  ruwaveguide  2^ni, 
wtMMi  =  8/im,  (left),  —  47.7/xm  (right).  The  left  MMI-combiner 

was  designed  for  combining  two  output  paths  of  a  ring  laser  [9].  The  right  MMI- 
combiner  was  shorthened  by  20^m  in  order  to  elucidate  the  reflections  in  an  MMI- 
waveguide.  The  computed  fields  (|£^2|)  corresponds  to  several  terms  of  the  Bremmer 
coupling  series: 

•  second  row:  five  terms, 

•  third  row:  first  term  only  (=BPM), 

•  fourth  row:  second  term  only, 

•  fifth  row:  second  to  fifth  term  only. 

The  color  scale  is  magnified  by  5  in  the  two  lower  right  figures.  The  color  scale  is 
magnified  by  50  in  the  two  lower  left  figures.  From  the  last  two  rows  we  may  conclude 
that  most  of  the  reflection  phenomena  is  included  in  the  second  term  of  the  Bremmer 
coupling  series. 
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The  Perfectly  Matched  Layer  (PML)  Boundary  Condition 
for  the  Simulation  of  Guided- Wave  Optical  Devices 


W.  P.  Huangi,  C.  L.  Xu^,  W.  W.  Lui,  and  K.  Yokoyama 
NTT  Opto-Electronics  Laboratories 
3-1,  Morinosato  VVakamiya,  Atsugi,  Kanagawa,  243-01,  Japan 


One  of  the  key  issues  in  implementing  a  numerical  scheme  such  as  the  finite-difference 
method  to  solve  a  partial  differential  equation  such  as  the  Helmholtz  equation  in  infinite 
spatial  domain  is  the  numerical  boundary  condition.  Several  techniques  have  been  used 
in  the  finite-difference  beam  propagation  method.  Popular  approaches  are  the  absorbing 
boundary  condition  (ABC)  and  the  transparent  boundary  condition  (TBC)f^b  Recently, 
a  novel  boundary  condition,  the  perfectly  matched  layer  (PML)  boundary  condition,  was 
proposed  by  Berenger^^l  for  the  finite-difference  time-domain  (FDTD)  method  for  Maxwell’s 
equations.  The  effectiveness  of  the  PML  boundary  condition  was  subsequently  verifiedt^b  In 
this  paper,  we  will  show  that,  the  PML  provides  an  attractive  addition  to  the  arsenal  of  tools 
as  a  highly  effective  numerical  boundary  condition  for  methods  such  as  the  finite- difference 
beam  propagation  methods  and  mode  solvers. 

The  Helmholtz  equation  for  the  amplitudes  of  the  transverse  fields  of  the  TE  waves  in 
two  dimension  reads 


dx"^ 


IT?  2  T 

'L  +  =  0 

oz^  & 


(1) 


where  n  -=  n[x,y,z)  is  the  refractive  index  of  the  medium  and  c  is  the  velocity  of  light  in 
free  space.  In  the  perfectly  matched  layer,  the  corresponding  wave  equation  is  written  as 


1  d  1  1  d  1  2  T 

^  1  2 ^  1  2  i  ^  )  2  "d~("i - ^ - 1 - 2  - T  =  0 

I  —  jcr^/uiton^ox  \  —  ja^jueonp  ox  1  -  az  I  —  jcrjutonj  dz 

(2) 

where  Up  is  a  constant  refractive  index  of  the  PML  medium  and  can  be  chosen  to  be  equal  to 
that  of  the  medium  adjacent  to  the  perfectly  matched  layer,  and  cr^  are  the  anisotropic 
conductivities  of  the  PML,  It  can  be  proved  that,  if  we  choose  the  conductivity  such  that 

^On  leave  from  Department  of  Electrical  and  Computer  Engineering,  University  of  Waterloo,  Waterloo, 
Ontario,  Canada 

^Formerly  with  Department  of  Electrical  and  Computer  Engineering,  University  of  Waterloo,  Waterloo, 
Ontario  and  currently  with  JDS  FETEL,  Ottawa,  Ontario,  Canada 
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is  continuous  across  an  index  interface  perpendicular  to  x,  then  a  plane  wave  incident  on  the 
interface  experiences  no  reflection,  regardless  of  the  incident  angle  and  the  frequency  and 
independent  of  the  conductivities  of  the  media  along  x.  This  conclusion  is  certainly  true  for 
an  interface  between  a  lossless  medium  with  zero  conductivity  and  a  PML  medium  with  a 
finite  conductivity  along  x.  Under  the  perfectly  matching  condition,  the  transmitted  field  in 
the  PML  medium  matches  perfectly  with  the  wave  in  the  free-space  adjacent  to  it  along  2 

and  decays  exponentially  at  the  rate  of  Ofe//  =  cr along  x. 

For  the  application  of  the  PML  boundary  condition,  we  implement  it  for  the  finite- 
difference  beam  propagation  method  in  two-dimension.  Eqs.  (1)  and  (2)  can  be  solved  by 
using  a  Pade  recursion  procedure.  In  the  PML  medium,  we  have  assumed  a  distribution 
of  the  conductivity  as  cr^  =  (^maxip ! where  8  is  the  thickness  of  the  PML  and  p  is  the 
distance  measured  from  the  interface  between  the  computation  region  and  the  PML  medium. 
The  maximum  conductivity  a^ax  may  be  determined  by  requiring  the  reflection  coefficient 

i?(0)  =  e~3  to  be  smaller  than  a  given  value. 

As  a  test  example,  we  simulated  a  Gaussian  beam  propagating  at  certain  angles  with 
respect  to  2  axis.  The  input  field  is  assumed  to  be  0)  =  exp  (— with  Wq  =  3.0//m. 
Figures  la  and  lb  show  the  field  intensity  profiles  of  the  Gaussian  beam  at  10°  and  45°, 
respectively,  simulated  by  the  wide-angle  BPM.  Solid  lines  represent  the  results  obtained  by 
using  the  PML  and  the  dash  lines  are  those  by  the  TBC.  The  PML  layer  thickness  is  Ipm 
and  the  maximum  conductivity  is  (Xmax  —  .  The  PML  layer  is  terminated  by 

a  perfectly  reflecting  boundary.  The  discretization  is  Ax  =  0.05pm.  and  A2  =  0.5pm.  The 
effectiveness  of  the  PML  is  clearly  demonstrated  in  the  simulation  results.  In  comparison, 
the  TBC  works  well  at  the  small  angle  and  becomes  less  effective  at  the  large  angle. 

We  have  also  implemented  the  PML  for  calculation  of  guided  and  leaky  modes  in  a  finite- 
difference  mode  solver.  It  is  demonstrated  that  the  PML  is  particularly  effective  and  useful 
in  the  calculation  for  the  leaky  modes.  The  details  of  the  simulation  results  will  be  shown 
in  the  presentation. 
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The  usual  procedure  of  numerical  modal  calculations  using  finite-difference  is  to  first  discretize 
the  Helmholtz  equation 

V2(t)(f)  +  k'^n'^{,r)<^f{r)  =  p^(t)(r^)  (1) 

by  a  central-difference  scheme,  i.e.  to  approximate  the  second  spatial  derivative  (assuming  a  uniform 
grid)  as  follows: 


^  [(t)(7+Az)-2(t)(z)  +  <t)(z-Az)]  -f  0[(Azf]  (2) 

dz^  (AzY 

Here,  n  (T^)  is  the  refractive  index  of  the  medium  and  k  -  2k/X.  Using  (2),  assuming  that  the  error 
term  is  negligible,  (1)  is  reduced  to  a  matrix  equation  of  which  the  eigenvalues  give  the  propagation 
constant  p.  The  problem,  however,  is  that  at  the  boundary  of  the  calculation  domain  where  the  field 
beyond  which  is  unknown,  (2)  is  not  applicable.  Artificially  imposed  boundary  conditions  are  therefore 
necessary  if  (2)  is  to  be  used  at  the  boundary. 

There  have  been  numerous  proposals.  Most  of  them  invoke  certain  physical  assumptions,  such 
as  (a)  zero  field  at  the  boundary;  (b)  exponential  decay  of  the  field  beyond  the  calculation  domain  [1]; 
and  (c)  transparent  boundary  where  energy  always  flows  away  from  the  calculation  domain  [2].  Many 
of  these  approaches  require  an  iterative  -  often  time-consuming  -  procedure  to  enforce  the  underlying 
assumptions.  Although  each  approach  comes  with  its  set  of  limitations,  each  has  achieved  different 
degree  of  accuracy  and  success. 

In  this  work,  we  argue  that  if  (1)  can  be  discretized  properly  at  the  boundary,  it  is  possible  to 
do  away  with  the  physical  assumptions  -  and  the  corresponding  limitations  -  that  are  implicit  in  all 
artificially  imposed  boundary  conditions.  This  calls  for  a  finite-difference  discretization  scheme  which 
does  not  require  field  information  beyond  the  boundary.  Naturally,  we  turn  to  the  Taylor’s  series  for 


solution. 
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This  is  our  mclhodology.  Consider  ihe  ID  case  and  recall  the  familiar  Taylor  expansion 

formula: 


0(2  4-  5 ) 


I 


m  =  0 


m\ 


az" 


0  [(Az)^] 


(3) 


where  ())(z  +5)  is  expanded  up  to  four  terms.  (The  sign  of  the  error  term  is  chosen  for  purpose  of 
convenience.)  In  view  of  (3),  we  consider  the  following  sum: 


m  =3  m  =3  p\m  x 

X  a„<^{z  +m  Az)  +  0[(Az)'’]  =  X  (Az  (4) 

m=0  m=0  OZ 

where  and  are  parameters  to  be  determined.  Neglecting  the  error  term  and  by  comparing 
coefficients  on  both  sides  of  (4),  and  are  found  to  be  linearly  related: 
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Next,  we  set  the  RHS  of  (4)  to  be  identically  equal  to  (Az  )' 


2^ 


This  is  equivalent  to  simply  setting 


^?o-^i  =  ^3  =  0,  Upon  solving  (5),  (4)  can  be  rewritten  as 


=  --U  [  2(I)(z  )  -  5(t)(z +Az  )  +  4(t)(z +2Az  )  -  (j)(z +3Az  )  ]  +  0  [(Az  )^]  (6a) 

dz^  (Az  Y 

of  which  the  error  term  on  the  RHS  is  of  the  same  order  as  that  of  (2).  It  can  be  similarly  shown  that 

[  2({)(z  )  -  5(t)(z -Az  )  +  4(})(2 -2Az  )  -  4i(z -3Az  )  ]  +  0  [(Az  )^]  (6b) 

dz  (Az  ) 

Notice  that  on  the  RHS  of  (6a),  only  field  information  at  locations  z'  >  z  is  required.  Likewise,  only 
field  information  at  locations  z'  <  z  is  required  on  the  RHS  of  (6b).  This  property  allows  (6a)  and  (6b) 
to  properly  discretize  the  wave  equation  (1)  at  the  boundary. 

In  general,  if  more  terms  are  considered  in  (4),  the  error  term  will  be  of  higher  order  (i.e. 
smaller)  but  the  number  of  terms  in  the  discretization  scheme  will  be  increased.  For  instance,  if  five 
terms  are  utilized  in  (4),  we  obtain 
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|4  =  [35(J)(z)-104(t)(z±A2)  +  114(!)(z±2Ar)-56(t)(z±3Az)  (7) 

+  ll(|)(z±4Az)]  +  0  [(Az  )^] 

whereas  if  six  terms  are  used,  the  following  scheme  results: 

^ ^  [45(t)(z)-154(!)(z±Az)  +  214(I)(z±2Az)-156(t)(z±3Az)  (8) 

dz^  12(Az)2  I  yv  y 

+  61(i)(z  ±4Az  )  -  10<i)(z±5Az  )  ]  +  0  [(Az  )'*] 

If  (2)  is  to  be  the  discretization  scheme  for  the  interior  points  of  the  calculation  domain,  (6a)  and  (6b) 
are  considered  sufficiently  accurate. 

As  an  illustration,  the  discredzation  scheme  suggested  above  is  applied  towards  analysis  of  an 
ARROW  waveguide.  The  structure  of  the  ARROW  is  such  that  n  =3.5  for  z  <4|im  (substrate), 
n  =  2.01  for  4|im  <  z  <  4.5  jam  (AR  region),  n  =  1.458  for  4.5  jam  <  z  <  8.5  jam  (guiding  layer),  and 
n  =  1  for  z  >  8.5  jam  (vacuum).  The  calculated  field  profile  using  the  present  method  is  shown  in  Fig.l 
(dotted  curve),  where  both  the  leaky  nature  in  the  substrate  and  the  evanescent  nature  in  vacuum  of  the 
field  are  predicted.  It  is  also  compared  against  the  analytically  obtained  profile  (solid  curve).  Excellent 
agreement  is  observed. 

The  major  difference  between  the  conventional  modal  calculation  method  and  the  one 
suggested  here  is  the  larger  matrix  bandwidth  due  to  the  larger  number  of  terms  on  the  RHS  of  (6a)  and 
(6b).  Savings  resulting  from  the  non-iterative  nature  of  this  method,  on  the  other  hand,  is  found  to 
more  than  compensate  the  extra  effort  in  solving  the  slightly  more  difficult  eigenvalue  problem.  More 
significantly,  there  is  no  physical  assumption  involved.  A  priori  knowledge  of  the  field  is  not  necessary 
as  a  result. 

Further  details  will  be  discussed  at  the  presentation. 


.^On  leave  from  Dcparunent  of  Electrical  and  Computer  Engineering,  University  of  Waterloo,  Waterloo, 
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Introduction 

Wavelength-division  multiplexing  (WDM)  systems  are  attractive  for  increasing  transmission 
capacity  and  network  flexibility,  and  they  require  various  kinds  of  filters.  The  use  of  silica-based 
planar  lightwave  circuit  (PLC)  technology  [1]  is  one  of  the  most  promising  ways  to  fabricate  filters  for 
WDM  networks,  because  PLC  devices  have  low  insertion  losses,  design  flexibility,  high  reliability, 
and  good  reproducibility. 

Table  1  is  a  list  of  the  multiplexers  constructed  with  silica-based  PLCs,  and  outlines  their 
features  and  applications.  There  are  four  basic  types  of  wavelength  multiplexer.  This  paper  describes 
these  multiplexers  and  their  applications,  focusing  particularly  on  NTT's  achievements. 

Thin  Film  Filter  Embedded  Multiplexer 

A  simple  multiplexer  can  be  constructed  by  using  crossed  waveguides  with  a  thin  film  filter 
embedded  at  the  crossing  point.  The  pass  band  light  of  the  filter  is  output  from  a  transmission  port 
and  the  stop  band  light  is  output  from  a  reflection  port.  This  multiplexer  has  the  advantage  of  an  ideal 
flat  and  sharp  wavelength  response  originating  from  multi-interference  in  the  filter. 

A  subscriber  network  utilizing  1.3  fim  and  1.55  ti  m  wavelength  channels  is  now  being 
intensively  investigated.  In  this  case,  a  prime  concern  is  to  reduce  the  cost  of  the  optical  WDM 
transmitter/receiver  module  [2].  We  are  now  developing  a  filter  embedded  1.3/1 .55  m  multiplexer 
in  order  to  reduce  the  module  size  and  the  number  of  fiber-attachments  as  shown  in  Fig.  1 .  Here  we 
use  a  multilayered  dielectric  filter  evaporated  on  a  polyimide  film  [3].  The  fabricated  multiplexer  has  a 
low  insertion  loss  of  less  than  1.1  dB  in  the  1.23-1.38  m  range  for  the  transmission  port  and  1.1 
dB  in  the  1.46-1.7  fu  m  range  for  the  reflection  port.  An  extremely  low  crosstalk  of  less  than  -50  dB 
was  also  obtained  in  the  1.50-1.64  m  range  for  the  transmission  port.  This  simple,  compact,  and 
high  performance  multiplexer  will  enable  us  to  realize  a  practical  1.3/1.55  m  WDM 
transmitter/receiver  module. 

Directional  Coupler  Type  Multiplexer 

Another  type  of  1.3/1.55  (j.  m  multiplexer  is  constructed  using  a  simple  directional  coupler. 
This  multiplexer  dose  not  require  any  additional  processes  such  as  filter  insertion,  but  its  wavelength 
response  is  rather  sensitive  for  waveguide  fabrication.  A  fiber- to-fiber  insertion  loss  of  0.5  dB  and  a 
crosstalk  of  -30  dB  were  obtained  experimentally. 

Mach-Zehnder  Interferometer  (MZI)  Type  Multiplexer 

The  wavelength  response  of  the  asymmetric  MZI  in  Fig.2  is  generally  sinusoidal  as  a  result  of 
the  interference  of  two  beams,  therefore  it  operates  as  a  2x2  multiplexer  [4].  This  multiplexer  is  more 
flexible  in  terms  of  setting  the  channel  wavelength  than  the  directional  coupler  type.  Various  channel 
spacing  multiplexers  from  1  GHz  to  250  nm  have  already  been  demonstrated  [5].  A  thermo-optic 
(TO)  phase  shifter  equipped  on  one  of  the  waveguide-arms  provides  this  multiplexer  with  wavelength 
response  tunability  by  controlling  the  relative  phase  difference  between  the  waveguide-arms.  This 
multiplexer,  therefore,  operates  as  a  wavelength  switch. 

In  general,  silica-based  waveguides  have  stress-induced  birefringence,  which  causes  a 
wavelength  response  shift  between  TE/TM  modes.  This  polarization  dependence  is  a  crucial  problem 
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for  PLC  applications  in  optical  networks.  We  developed  two  techniques  for  eliminating  the 
polarization  dependence  of  the  multiplexer.  One  is  to  control  birefringence  with  an  amorphous  silicon 
(a-Si)  stress  applying  film  deposited  on  a  waveguide-arm  [6].  The  polarization  dependence  can  be 
carefully  eliminated  by  laser-trimming  the  a-Si  film  after  the  multiplexer  has  been  packaged.  This 
removes  the  need  for  the  a-Si  film  to  be  precisely  fabricated.  The  other  technique  is  TE/TM 
polarization  mode  conversion  at  the  center  of  the  multiplexer  [7].  The  converter  consists  of  an  18  m 
waveguide  gap  and  a  1 5  /xm.  thick  polyimide  half  waveplate  with  the  principal  axis  tilted  45  degrees 
to  the  substrate  plane.  The  excess  loss  caused  by  inserting  the  converter  was  0.3  dB.  This  method  is 
easily  applied  to  other  circuits  such  as  AWG  multiplexers. 

A  2'^-channel  selection  filter  can  be  constructed  with  N  MZI  multiplexers  with  N  different  path 
differences  of  AL,  AL/2,  AL/4„  and  A  L/2’^'' by  analogy  with  micro-wave  "periodic-filters". 
Seven  MZIs  with  different  A  L  values  were  connected  in  series  to  form  a  10  GHz-spaced  128-channel 
selective  filter.  The  fiber-to-fiber  insertion  loss  of  the  reported  module  was  6.9  dB  [8]. 

A  tunable  gain  equalizer  is  an  attractive  application  for  the  asymmetric  MZI  [9].  This  is 
because  a  small  gain  imbalance  between  multiple  wavelength  channels  is  unavoidable  in  multistage  Er- 
doped  fiber  amplifiers,  and  the  sinusoidal  wavelength  transmittance  of  the  MZI  can  reduce  this 
imbalance.  The  reported  equalizer  consists  of  two  tunable  couplers,  two  waveguide  arms  with  a  path 
difference  of  64  fi  m,  and  a  TO  phase  shifter  on  one  of  the  arms,  where  the  extinction  ratio  can  be 
controlled  by  the  tunable  couplers  and  the  wavelength  response  can  be  shifted  by  the  TO  phase  shifter. 
Recently,  another  gain  equalizer  was  also  demonstrated  with  a  lattice  of  multiple  asymmetric  MZIs 
[10]. 


Arrayed  Waveguide  Grating  (AWG)  Multiplexer 

The  NxN  AWG  multiplexer  in  Fig.3  is  very  useful  in  WDM  networks  since  it  is  capable  of 
simultaneously  multiplexing  N  channels  by  employing  multi-beam  interference  [11-13].  It  consists  of 
N  input/output  waveguides,  two  focusing  slab  waveguides  and  a  phase-array  of  multiple  channel 
waveguides  with  a  constant  path  difference  A  L  between  neighboring  waveguides.  The  input  light  is 
radiated  in  the  first  slab  and  then  excites  the  arrayed  channel  waveguides.  After  traveling  through  the 
arrayed  waveguides,  the  light  beams  interfere  constmctively  and  meet  at  one  focal  point  in  the  second 
slab.  The  location  of  this  focal  point  depends  on  the  signal  wavelength.  The  dispersion  of  the  focal 

position  X  with  respect  to  the  wavelength  A  is  given  by 
^  _  /  •  m  _  ^ 


where  f  is  the  focal  length  of  the  slab,  m  the  diffraction  order,  n^^^^  the  effective  refractive  index  of 

the  slab  (channel  waveguide),  and  d  the  pitch  of  the  arrayed  waveguide  grating  at  the  exists.  We  have 
fabricated  various  kinds  of  multiplexers  ranging  from  15-nm  spacing  8-channel  devices  to  50-GHz 
spacing  64-channel  devices  [14].  The  crosstalk  to  all  other  channels  is  less  than  about  -27  dB  and  the 
on-chip  fiber-to-fiber  insertion  losses  range  from  2.1  dB  to  3.1  dB,  respectively. 

The  waves  caused  by  four-wave  mixing  (FWM)  result  in  crosstalk  degradation  in  a  WDM 
transmission  system.  Unequal  channel  spacing  is  an  effective  way  to  suppress  these  FWM  waves. 
Since  the  dispersion  of  the  focal  position  x  with  respect  to  the  wavelength  A  is  constant  in  equation 
(1),  a  multiplexer  with  unequal  spacing  can  be  achieved  by  using  unequally  spaced  output 
waveguides.  A  multiplexer  module  has  been  reported  with  unequal  spacings  of  0.8  nm  and  0.48  nm 
and  fiber-to-fiber  insertion  losses  of  2.8-3. 1  dB  [15]. 

An  add-drop  multiplexer  (ADM)  with  an  AWG  multiplexer  and  loop-back  optical  paths  is  a 
useful  application  for  constructing  wavelength-addressed  ring  or  bus  networks  [16].  Figure  4  shows 
the  basic  configuration  of  the  ADM  with  loop-back  paths.  N  signals  introduced  into  the  common  input 
port  are  first  demultiplexed  by  the  AWG  multiplexer  and  then  N-1  output  signals  are  looped  back  to 
the  opposite  input  ports.  The  looped-back  signals  are  automatically  multiplexed  again  and  fed  out  to 
the  common  output  ports.  This  is  because  of  the  symmetric  nature  of  the  AWG  multiplexer.  A 
desired  wavelength  channel  can  be  dropped  and  added  by  opening  the  corresponding  loop-back  path. 
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An  advanced  ADM  with  fold-back  optical  paths  has  also  been  proposed  [17].  It  offers  significant 
crosstalk  reduction  and  loss-imbalance  equalization  compared  with  the  ADM  with  loop-back  paths. 

A  splitter/router  is  an  interesting  application  of  the  AWG  [18].  The  splitter/router  in  Fig.5, 
consisting  of  input/ output  waveguides,  a  slab  waveguide,  an  AWG,  and  a  multilayered  dielectric  filter 
evaporated  on  the  end  face  of  the  AWG,  operates  as  an  optical  power  splitter  for  a  broadcast  signal  in 
the  pass  band  of  the  filter  and  as  a  wavelength  router  for  a  point-to-point  communication  signal  in  the 
stop  band  of  the  filter.  This  component  will  be  also  applied  to  an  optical  splitter  for  a  passive  double 
star,  where  individual  lines  can  be  tested  by  using  an  optical  time  domain  reflectometer  with 
corresponding  wavelength  lights. 

Summary 

Basic  wavelength-division  multiplexers  fabricated  with  silica-based  PLC  technologies  and 
their  applications  have  been  reviewed.  These  passive  PLC  devices,  supported  by  fabrication,  design, 
and  packaging  technologies  will  assume  an  important  role  in  future  WDM  systems.  Finally,  it  is 
worth  noting  that  further  functional  WDM  components  such  as  active  ADM  will  be  achieved  by  the 
hybrid  integration  of  active  devices  with  these  PLC  devices. 
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Table  1  Basic  wavelength  multiplexers  with  their  features  and  applications 


Wavelength  Multiplexers 

Features 

Applications 

Thin  Film  Filter  Embedded  Type 

Flat/Sharp  Wavelength  Response 

1 .3/ 1 .55  //  m  WDM  Transmitter/Receiver 

Directional  Coupler  Type 

Simple  Structure 

— 

MZI  Type 

Switchable, 

Design  Flexibility 
(from  1,3/1.55WDM  to  FDM) 

Channel  Selection  Switch,  Gain  Equalizer, 
Frequency  Discriminator  for  Stabilizing  LD 

AWG  Type 

Single  Stage  AWG  Separate 
Multi-channels 

Multi-channel  Multiplexer, 

ADM,  Splitter/Router, 

Unequal  Channel  Spacing  Multiplexer 

multilayered  dielectric  filter 

silica-based  waveguide  .Y  branch 


Fig.  1  Configuration  of  1.3/1.55  WDM  transmitter/receiver 
for  subscriber  network 


a-Si  stress  thin  film  heater  wavequide 
applying  film  ;  /  ^ 


input  waveguides  output  waveguides 


Fig.  2  Configuration  of  asymmetric  Mach-Zehnder 
interferometer  type  multiplexer 


connector 


Xi3  X13 
(add)  (drop) 

Fig.  4  Add/drop  multiplexer  (ADM)  based 
on  AWG  multiplexer  with  loop-back  paths 


Fig.  3  Configuration  of  polarization-insensitive  arrayed-waveguide 
grating  multiplexer  with  polyimide  half  waveplate 


multilayered  dielectric  filter 
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Introduction: 

Wavelength  Division  Multiplexing  (WDM)  is  widely  seen  as  the  next  step  in  broadband  optical 
communications.  Essential  for  WDM  systems  is  the  availability  of  low  loss  wavelength  routers. 
The  Phased  Array  wavelength  demultiplexer  [  1  ]  has  been  established  as  the  preferred  component 
for  this  function. 

Fibre-to-fibre  loss  is  an  important  issue  for  components  in  a  network,  and  polymeric  compo¬ 
nents  perform  well  in  this  respect  because  waveguide  core  size  and  refractive  index  contrast  can 
be  made  close  to  that  of  standard  single  mode  fibre,  allowing  for  butt  coupling  losses  of  a  few 
tenths  of  a  dB.  A  polymeric  Phased  Array  wavelength  demultiplexer  with  low  loss  and  excellent 
spectral  characteristics  has  already  been  presented  for  the  1.3 pm  wavelength  window  [2].  Re¬ 
cent  advances  in  polymer  technology  have  reduced  the  hitherto  higher  absorption  losses  of  the 
material  around  1.55  pm  [3],  enabling  the  realisation  of  high  quality  components  for  the  impor¬ 
tant  EDFA  window  as  well.  The  present  paper  discusses  design,  fabrication  and  experimental 
results  for  the  first  polymeric  Phased  Array  wavelength  demultiplexer  operating  around  1 .55  pm. 

Design: 

Phased  Array  wavelength  demultiplexers  were  designed  for  realisation  in  6  pm  x  6  pm  square 
waveguide  structures  with  refractive  index  contrasts  of  0.004, 0.006  and  0.008,  respectively.  The 
waveguide  is  strictly  monomode  for  all  three  structures,  the  main  difference  being  the  minimum 
allowable  bending  radius  of  4,  2,  and  1  cm,  respectively,  which  makes  very  compact  devices 
possible. 

The  devices  were  designed  as  8x  8  Phased  Array  wavelength  routers,  consisting  of  a  disper¬ 
sive  array  of  waveguides  connected  to  8  inputs  and  8  outputs  by  two  star  couplers.  The  design 
central  wavelength  is  1550 nm  and  the  channel  spacing  is  3.2nm  (400GFtz).  The  design  allows 


Refractive  index  contrast 

0.008 

0.006 

0.004 

Minimum  bending  radius 

1  cm 

2  cm 

4  cm 

In/output  waveguide  pitch 

1 5  pm 

18  pm 

20  pm 

Array  waveguide  pitch 

9  pm 

10  pm 

11pm 

Focal  length 

1274  pm 

1698  pm 

2075  pm 

#  of  array  waveguides 

50 

54 

51 

Order 

50 

50 

50 

Device  size 
(excl.  access  waveguides) 

2x0. 6cm" 

3x0. 8cm^ 

5x0.9  cm- 

Table  1:  Parameters  of  the  three  designed  wavelength  demultiplexers. 
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8  input  waveguides 
(pitch  250  um) 

/ 


51  array  waveguides 


8  output  waveguides 
(pitch  250  um) 

X 


Free  propagation  sections 
- 5  cm - 


Figure  1 :  Layout  of  lowest  contrast  (largest)  8x8  Phased  Array  router.  If  no  distortion  has  taken 
place  in  the  reprographic  process,  this  is  the  actual  size  of  the  device. 


for  a  maximum  on-chip  loss  of  2  dB  for  the  central  channels  (due  to  the  coupling  loss  at  the  transi¬ 
tions  from  the  star  couplers  to  the  array  waveguides,  pitched  9-1 1  |im),  in  addition  to  a  maximum 
diffraction  loss  of  2  dB  for  the  outer  channels.  The  parameters  of  the  designs  are  given  in  table  1 . 
The  pitches  of  the  array  and  input/output  waveguides  at  the  connection  to  the  star  couplers  are 
larger  for  the  lower  contrast  designs  in  order  to  avoid  crosstalk  problems.  The  free  spectral  range 
of  the  designs  is  31  nm,  and  the  devices  operate  in  50th  order.  Because  square  waveguides  are 
used,  the  demultiplexers  are  expected  to  be  polarisation  independent.  Input/output  waveguides 
of  the  devices  are  fanned  out  to  a  pitch  of  250 p-m  for  direct  coupling  to  fibre  ribbons. 

Figure  1  shows  the  layout  of  the  lowest  contrast  (largest)  device  in  actual  size. 

Fabrication: 

The  devices  are  fabricated  on  a  spincoated  4 "  silicon  wafer  with  Polymer  Optoboard  Technol¬ 
ogy  developed  at  Akzo  Nobel  Electronic  Products  [3].  After  projection  lithography  and  pattern 
formation,  glass  plates  are  glued  on  both  sides  of  the  wafer,  which  is  then  diced,  yielding  wave¬ 
guides  that  couple  to  cleaved  fibre  with  only  a  few  tenths  of  a  dB  of  loss  per  coupling,  and  that 
show  propagation  losses  lower  than  0.6dB/cm. 

Experimental  results: 

At  the  moment  of  writing,  only  the  largest  (lowest  contrast)  device  was  available  for  measure¬ 
ment.  In  figure  2,  the  transmission  curves  of  all  8  outputs  of  the  device  are  plotted  with  light  of 
TM  polarisation  injected  in  input  4. 

The  fibre-to-fibre  loss  of  the  device  is  9dB.  Reference  waveguides  running  alongside  the 
Phased  array  show  a  loss  of  6dB,  so  the  additional  loss  of  the  device  is  3dB.  Crosstalk  is  better 
than  20  dB.  The  central  wavelength  of  the  device  is  1553  nm.  The  design  value  of  1550nm  can 
easily  be  reached  due  to  the  thermal  tunability  properties  of  the  polymeric  material. 

The  small  shoulders  on  the  right  flanks  of  the  pas.sbands  plotted  in  figure  2  are  due  to  residual 
TE  polarised  light  coupled  in.  The  device  was  not  polarisation  independent,  as  can  be  seen  in 
figure  3.  Figure  3a  shows  the  TE-TM  splitting  occuring  when  linearly  polarised  light  is  coupled 
into  the  device  at  an  angle  of  approximately  45*^. 

At  room  temperature,  2.5  nm  of  TE-TM  shift  was  observed.  When  the  device  was  operated 
at  an  elevated  temperature,  the  splitting  decreased,  and  eventually  the  two  peaks  could  no  longer 
be  discerned  separately.  We  believe  that  the  splitting  is  caused  by  stress-induced  birefringence 
originating  from  thermal  processing  steps  in  combination  with  the  different  thermal  expansion 
coefficients  of  the  polymer  and  the  silicon  substrate.  Work  is  in  progress  to  eliminate  this  effect. 

Conclusion: 

We  have  presented  the  first  Phased  Array  wavelength  demultiplexer  in  polymeric  material  for  the 
EDFA  window  (around  1.55p,m),  which  is  very  important  for  telecommunications.  The  device 
is  an  8x8  router  with  a  channel  spacing  of  3.2 nm  and  a  central  passband  of  1553  nm.  The  fibre- 
to-fibre  insertion  loss  is  9dB  and  its  crosstalk  is  lower  than  -20 dB.  A  TE-TM  shift  of  2.5 nm 
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was  observed  at  room  temperature  due  to  stress  effects. 

The  size  of  the  device  is  5  x  0.9  cm^,  excluding  access  waveguides.  Smaller  devices  are  being 
processed  employing  higher  refractive  index  contrast  for  smaller  bending  radii. 
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Figure  2:  Transmission  characteristics  (fibre-to-fibre  loss)  of  lowest  contrast  polymeric  Phased 
Array  for  TM  polarisation. 
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Figure  3;  a:  TE-TM  splitting  with  linearly  polarised  light  coupled  in  at  an  angle  of  45°.  Left 
maximum  is  for  TM  and  right  maximum  is  for  TE.  b:  At  elevated  temperatures  the  splitting  is 
reduced. 
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One  of  the  most  important  components  in  a  WDM  light  transmission 
system  is  a  wavelength  multiplexer/demultiplexer.  For  a  system  in  which 
the  wavelength  bandwidth  is  limited  by  the  amplifier  gain  bandwidth  or  the 
fiber  chromatic  dispersion,  a  narrow  channel  spacing  is  required  in  multi¬ 
channel  WDM.  Other  requirements  for  a  WDM  filter  are  low  insertion  loss, 
low  polarization  dependent  loss,  broad  transmission  band  in  each  channel, 
low  crosstalk  from  the  neighbor  channels,  and  stability.  One  possible  means 
for  multi-channel,  dense  WDM  filters  is  a  diffraction  grating.  However,  a 
reflection-type  diffraction  grating  which  has  a  blaze  angle  of  ~30  degrees 
shows  small  angular-dispersion,  which  requires  a  long  light  path  in  a  filter'. 
The  dispersion  can  be  enhanced  with  a  large  blaze  angle,  and  this 
enhancement  was  demonstrated  by  using  transmission-type  diffraction  in  a 
planar  waveguide2.3. 

A  new  scheme  based  on  a  virtually-imaged  phased-array  (VIPA) 
provides  large-angular  dispersion,  low  polarization  dependent  loss,  and 
stable  operation^.  The  VIPA  consists  of  a  semi-cylindrical  lens  and  a  thin 
plate  of  glass  as  shown  in  Fig.  1.  When  the  input  light  is  line-focused  into  the 
plate  with  the  semi-cylindrical  lens,  collimated  light  emerges  from  the 

reverse  side  of  the  plate.  The  angle  (j)  of  the  output  light  varies  as  the 

wavelength  varies,  and  this  angular  dispersion  is  10-20  times  larger  than 
those  of  reflection-type  diffraction  gratings  described  above.  The  operating 
principle  of  the  VIPA  is  shown  in  Fig.  2.  The  thickness  t  of  the  glass  plate  is 
50-100  pm.  The  right  surface  of  the  plate  is  coated  with  a  high  reflection 
film  (95%  reflectivity  or  higher).  The  left  surface  of  the  plate  is  coated  with 
a  100%  reflection  film  except  in  the  light  input  area  which  is  anti-reflection 
coated.  The  input  light  beam  is  line-focused  on  the  right  surface  where  the 

incident  angle  of  the  beam  center  axis  inside  the  plate  is  0.  To  simplify  the 

figure,  the  refraction  at  the  air-glass  boundaries  was  ignored  in  Fig.  2.  Then 


Fig.  1  Schematic  of  VIPA 
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5%  of  the  light  passes  through  the  right  surface  and  diverges  after  the  beam 
waist.  95%  of  the  light  is  reflected  on  the  surface  and,  after  the  second 
reflection,  returns  to  the  same  surface  with  a  displacement  of  d,  where 
d=2t5j/ie.  Then  5%  of  the  light  passes  through  again.  In  a  similar  way,  the 
incident  beam  is  split  into  many  beams  on  the  different  paths.  The  beam  in 
each  path  has  a  beam  waist  in  the  virtual  image  and  the  virtual  images  of 
the  beam  waist  are  located  along  the  line  which  is  normal  to  the  plate.  The 
spacing  of  the  virtually-imaged  beam  waists  is  2t.  Similar  to  a  phased  array, 
the  beams  interfere  to  form  collimated  light,  which  propagates  at  an  angle 
determined  by  the  wavelength. 

In  the  experiment  for  the  1.55  pm 
wavelength  range,  t  and  0  were  100  pm  2 

and  6.4  degrees,  respectively.  The 
angular  dispersion  is  a  function  of  0  and  "S  q 

the  theoretical  value  is  0.5  degree/nm.  S 

The  relation  between  the  wavelength  J 

and  the  output  angle  <|)  was  measured  ?  -2 

and  is  shown  in  Fig.  3.  The  angular 

dispersion  ld(t)/dXI  {X  is  the  wavelength)  .4 
is  0.5  degree/nm  at  (t)=0  and  has  good 
agreement  with  the  theoretical  value. 

Since  the  change  in  ^  is  equivalent  to  the 
change  in  n0  (n  is  the  refractive  index  of 
the  glass),  the  angular  dispersion  varies  e  f  e 

from  0.4  degree/nm  to  0.8  degree/nm  as 
a  function  of  (|),  not  of  the  wavelength. 

The  VIPA  can  be  used  for  wavelength  demultiplexing.  Figure  4  shows 
an  experimental  result  for  10  channels  with  a  0.8  nm  spacing.  In  this 
experiment,  the  output  light  from  the  VIPA  was  coupled  to  step  index  fibers 
with  a  lens.  The  polarization  dependent  toss  was  measured  to  be  ~0.1  dB. 
This  result  seems  to  show  practical  characteristics.  It  is  of  importance  to 
theoretically  evaluate  the  insertion  loss,  the  transmission  bandwidth,  and  the 
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crosstalk.  To  do  this,  first,  the  output  field  pattern  must  be  calculated.  This 
is  done  by  using  a  two  dimensional  model  in  the  plane  of  Fig.  2.  Assuming 
that  the  beams  diverging  from  all  the  virtually-imaged  beam  waists  have  the 
same  profile  and  that  its  magnitude  does  not  change  around  the  peak 
direction,  the  output  field  traveling  in  the  direction  at  a  deviation  angle  A(J)  is 
proportional  to  l/(l-e-‘^+i'^dA(t))Ki/((x.ikdA({)).  Here,  k=27t/k,  and  is  the 
square  root  of  the  film  reflectivity,  which  is  0.975  for  95%  reflectivity.  The 
approximation  is  valid  for  small  a  and  small  kdA<|>,  and  thus  the  output  is 
Lorentzian.  A  drawback  of  the  Lorentzian  output  as  compared  with  the 
Gaussian  output  is  its  slow  decay  in  the  wings. 

The  output  light  is  coupled  to  a 

fiber  or  a  waveguide  with  a  lens  (the  Channel  /i|  — 1~  \  li  I '  T K~ 

focal  length  is  f).  The  coupling  ratio  is 
the  square  of  the  overlap  integral 

between  the  field  patterns  in  the  - 

output  and  in  the  waveguide  mode.  #2  — 

When  the  lateral  position  of  the  lens  is  - 

y,  the  output  field  is  e'*^y^‘!’/(a-ikdA(j)) .  ^2 

Assuming  ^'“=0.975,  d=20  pm,  f=5  mm,  ~fr - — ~A~  ~ 

a  waveguide  width  of  5  pm,  a  — 

waveguide  index  of  1.5,  and  an 

effective  index  difference  of  0.004,  the  — — - ^ - 

coupling  ratio  was  calculated  as  a  #5 

function  of  the  lateral  displacement  x  of  =— — 

the  output  waveguide  (Fig.  5).  Here,  y  ^2  — — y— — 

is  determined  to  minimize  the  loss,  and  - — -a-  ’  : 

this  gives  y=-410  pm  for  the  above 
parameters,  x  can  be  converted  into  ay 

wavelength  change  AX  by  AXId(j)/dXlf=x.  §  — — ^ ^  1~~^^ — 

When  the  angular  dispersion  is  —  #8  — VAaiia^'— 

0.5  degree/nm,  1  pm  in  x  corresponds  |  — - — y — 

to  a  wavelength  change  of  0.023  nm.  |  #9 

The  insertion  loss  is  1.0  dB,  and  the  ^  | — - ^ - 

1  dB-transmission  bandwidth  is  4  pm  ^ 

in  X.  The  crosstalk  decreases  slowly  as  Ssnm 

Ixl  increases.  This  crosstalk  is  due  to  Wavelength  {2nm/div.) 

the  wings  of  the  Lorentzian  output,  and 

the  suppression  of  the  crosstalk  is  an  pig.  4  10  channel  demultiplexing 

important  issue  in  the  VIPA. 

Next,  it  is  shown  that  both  the  crosstalk  and  the  transmission 

bandwidth  are  improved  by  using  a  split-core  at  the  input  facet  of  the 
output  waveguide.  Note  that  the  split-core  is  not  necessarily  the  same  as  a 
dual-core  waveguide  that  can  possess  symmetric  and  anti-symmetric  modes. 
When  the  split-core  consists  of  tv/o  5  pm  wide  sections  separated  by  a  4  pm 
gap  at  the  input  facet,  as  shown  in  Fig.  6,  the  mode  pattern  will  have  a  dual¬ 
peak.  Here,  the  waveguide  index  nwc  is  1-5  and  the  effective  index 

difference  Aneff  is  0.004.  The  coupling  ratio  is  shown  in  Fig.  7.  Comparing 


1550  nm 

Wavelength  {2nm/div.) 


1550  nm 


Fig.  4  10  channel  demultiplexing 
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with  Fig.  5,  the  insertion  loss  (3.0  dB)  is  higher  and  the  1  dB-transmission 
bandwidth  (10.0  |xm  in  x)  is  broader  as  expected.  An  interesting  feature  is 
the  suppressed  crosstalk,  (e.g.  the  crosstalk  at  x=30  pm  is  -29  dB  in  Fig.  5 
and  below  -40  dB  in  Fig.  7.)  This  can  be  understood  by  considering  the 
phase  of  the  wings  in  the  output  field,  which  changes  by  a  factor  of  as 

described  above.  Thus,  the  two  peaks  of  the  waveguide  mode  give  opposite 
contributions  to  the  overlap  integral,  if  the  two  peaks  see  a  phase  difference 
of  K  in  the  wing.  With  k=1.55  pm,  y=-410  pm,  and  f=5  mm,  the  period  of  the 
phase  change  is  18.9  pm  along  the  lens  focal  plane,  and  the  distance  between 
the  mode  field  peaks  in  Fig. 6  is  approximately  half  of  this  period. 


2.  -10 


o  -30 


Position  {[im) 

■30  -20  ‘10  0  10  20  30 


^0  * - “ - 

.-60  -40  -20  0  20  40  60 

Displacement  x  (\im) 

Fig.  5  Coupling  to  a  step  index  waveguide 


Mode  field 


U-J»44-5^um  Index  profile 
Anefl  =  0.004 


Waveguide 
nwG  =  1.5 


Fig.  6  Output  waveguide  profile 
and  the  mode  field 
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Fig.  7  Coupling  to  a  split-core  waveguide 


In  conclusion,  a  new  scheme  based  on  a  virtually-imaged  phased-array 
was  analyzed  with  regard  to  characteristics  for  a  dense  WDM  filter.  It  was 
found  that  a  split-core  output  waveguide  improved  the  filtering  spectrum 
remarkably,  that  is,  the  transmission  bandwidth  was  broadened  and  the 
crosstalk  was  suppressed. 

The  author  thanks  Prof.  W-P.  Huang  for  useful  discussions,  M.  Seino 
and  T.  Nakazawa  for  help  with  the  fabrication,  and  N.  Fukushima  for  help 
with  the  measurements. 
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Introduction;  One  of  the  problems  encountered  with  conventional  waveguide-based  WDM 
filters  now  being  developed  for  use  in  WDM  telecommunications  and  computer  fiber  networks  is 
that  their  spectral  passbands  are  “peaked”.  Deviation  of  a  signal  wavelength  from  the  center  of  a 
filter  passband  thus  introduces  excess  It^s.  Ai!  signal  wavelengths  and  filters  have  therefore  to  be 
very  precisely  aligned  if  a  high-performance  system  is  to  be  obtained,  which  places  very  tight 
constraints  on  both  device  and  system  design  and  operation. 

The  integrated  multi-wavelength  filters  now  being  developed  operate  by  dispersing  according  to 
wavelength  a  guided  mode  carrying  wavelength-multiplexed  signals,  and  passing  the  wavelength- 
demultiplexed  signals  out  through  different  single-mode  output  waveguides.  We  recently  reported 
that  such  filters  could  be  “flattened”  through  the  use  of  an  integrated  Multimode  Interference 
Coupler  (MMI)  [1].  In  this  paper,  we  describe  our  approach  in  more  detail,  and  show  how 
precisely  formulated  passband  flattening  may  be  simply  obtained. 

Discussion;  The  arrayed  waveguide  grating  filter,  illustrated  in  Figure  1,  is  taken  as  an  example 
of  a  wavelength-dispersive  WDM  filter  [2],  (The  method  is  also  applicable  to  other  dispersive 
filters,  such  as  the  etched  grating  filter.)  The  input  signal  guided  mode  launched  into  the  planar 
region  Pj  becomes  refocussed  in  region  P2,  and  dispersed  across  the  conjugate  focal  line  y-y’, 
according  to  wavelength.  See  Figure  2.  The  power  coupled  into  any  given  output  waveguide  is 
determined  by  the  overlap  of  the  focussed  spot  with  the  output  guide-mode.  The  filter 

transmission  function,  T,  is  given  by  the  convolution  of  the  focussed  field  profile  qp^Cy)  and  the 
output  guide-mode  ipgfy).  In  the  wavelength  domain, 

T(X-ko)  =  Lf  (Po(y)  <Pg*(y-Y)  dy  ]2  /  (dYIdX)  ,  (Eqn  1) 

where  (dY/d'k)  is  the  dispersion  in  the  image  plane  and  Xq  is  the  peak  transmission  wavelength. 

The  case  where  (Po(y)  is  a  single  focussed  spot  is  illustrated  in  Figure  2. 
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The  task  of  achieving  a  flattened  or  broadened  transmission  function  T  thus  beccmes  that  of 
providing  the  appropriate  function  (Po(y)-  As  cp^Cy)  is  the  image  of  the  input  guide  mode  <Pi(x) 
launched  into  Pj,  this  reduces  to  the  task  of  providing  the  appropriate  mode  field  q)i(x). 

The  simplest  design  approach  is  provided  by  assuming  the  output  guide-mode  to  be  Gaussian-like, 
<Pg(y)  *  exp  and  qj^y)  to  be  composed  of  two  separated  Gaussians,  qpy(y)  «  exp  (-{y- 

Y/2}2/yQ2)  +  exp  (-{y+Y/2}2/yQ2).  Equation  1  then  shows  that  T  is  also  composed  the  sum  of  two 

Gaussians,  each  with  width,  y  =  (yo  yg  (Eqn.  2).  The  overall  filter  shape  is  determined 
by  the  ratio,  f,  between  the  Gaussian’s  separation,  Y,  and  their  width,  y:  f  =  Y  /  y.  As  f>0,  the 

filter  broadens  to  yield  a  flat  central  region  when  f=V2,  and  above  this  the  peaks  separate  to  give  a 
shallow  central  depression.  The  influence  of  f  on  the  filter  shape  is  shown  in  Figure  4. 

By  introducing  a  mode  field  that  approximates  the  two  displaced  Gaussia  <Po(y)  illustrated  on  the 

l.h.s.  of  Figure  3  at  the  input  into  the  planar  region  Pj,  the  filter  may  thus  be  broadened  and 
flattened.  Such  a  field  may  be  provided  by  a  MMI  coupler  with  a  length  such  as  to  provide  2-fold 
imaging,  as  illustrated  in  Figure  5  [3].  The  spiacing  between  the  two-fold  MMI  images  ** 
preserved  by  the  1: 1  imaging  of  the  filter,  so  that  combining  Eqns  2  and  3  we  find  =  ^/2  (x; 

2+  yg  2)1/2  (Eqn.  4)  for  an  ideally  flattened  filter  with  f=V2.  In  the  case  where  we  have  identical 
input  and  output  guides,  this  gives  =  2  Xj. 

Assuming  Gaussian-like  guide  mode  profiles,  Eqn.  4  thus  determines  the  MMI  required  to  form  a 
flat  filter.  In  the  case  of  MMI’s  that  provide  a  high  mode-confinement,  the  MMI  width  W)^  is 
simply  twice  Xf^fl,,,^.  For  MMI’s  where  the  confinement  is  weaker,  >  2  ,  and  BPM 

analysis  of  the  MMI  may  be  used  to  obtain  the  Wj^j^to  satisfy  Eqn.  4.  Evaluation  of  Eqn  1  using 

BPM  of  the  MMI  to  obtain  (pj(x)  provides  a  full  description  of  the  filter  performance. 

Demonstration:  We  have  illustrated  this  method  for  passband  broadening  in  InP  arrayed 
waveguide  filters  by  forming  filters  both  with  and  without  MMI’s.  All  filters  had  waveguides 
compxjsed  of  0.2/<m-thick  1.25Q  cores  surrounded  by  InP  cladding.  The  performance  of  the  filter 
without  the  MMI  is  shown  in  Figure  6. 

The  first  filter  with  an  MMI  had  2/<m-wide  guides  and  a  4.5;<m-wide  MMI.  Filter  performance  is 
shown  in  Figure  7.  In  this  case,  the  filter  is  still  rounded,  with  the  two-fold  images  provided  by 
the  MMI  separated  by  less  than  that  required  for  a  perfectly  flat  filter.  Using  the  above  analysis,  f  ~ 

O.7V2,  taking  the  field  half-width  to  approximate  Xj,  and  the  associated  predicted  transmission 
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function  is  shown  by  the  light  solid  line.  Calculation  of  Eqn  1  using  a  BPM  evalualicsi  of  (pti  is 
also  shown,  dashed.  Both  analyses  give  accurate  description  of  filter  performance. 

The  second  MMI  filter  had  3;^m  input  /  output  guides  and  a  6;^m  MMI,  and  is  shown  in  Figure  8. 

It  has  a  substantially  flattened  central  region,  with  the  -IdB  passband  making  up  nearly  half  the  - 

20dB  passband.  The  MMI  image  peak  separation  and  Xj  (in  the  e'^  field  half- width  approximation) 

yield  f  ~  0.9v^2,  which  is  clo^  to  that  for  a  perfectly  flat  filter,  and  the  Gaussian  appro.ximation 
again  provides  a  good  overall  fit.  A  full  PBM  evaluation  gives  a  similar  filter  shape,  and  also 
predicts  the  small  dip  ob^rvable  at  the  filter  center,  which  arises  because  the  field  strength  between 
the  MMI  images  is  slightly  less  than  given  by  the  Gaussian  approximation  — -  a  consequence  of  the 
moderate  field-confinement  provided  by  the  MMI. 

(Note  that  the  wavelength  dispersion  is  different  for  the  three  filters  shown;  only  the  i\\^x  shapes 
should  be  compeared.) 

Summary;  We  have  described  how  a  broadened  filter  transmission  may  t«  obtained  by 
introducing  a  two-fold  imaging  MMI.  We  have  also  shown  that  the  extent  of  the  brc^dening  may 
be  simply  adjusted  by  setting  the  relative  widths  of  the  MMI  and  input/ouput  guided  modes. 

Acknowledgement:  This  work  was  funded  in  part  by  ARPA,  contract  MDA972-94-3-0036. 
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arrayed  waveguides 


Figure  2.  Filter  operation 


Figure  1 .  Schematic  of  arrayed 
waveguide  grating 


Figure  3.  Formation  of  broadened  filter 
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Figure  4.  Transmission  as  function  of 
peak  separation 


Figure  5.  Two-fold  imaging  of  the 
MMI  coupler 


Transmission  wavelength  /ntn 
Figure  6.  Non-broadened  filter. 


Transmission  wavelength  /nm 
Figure  7.  Broadened  filter  1. 


Transmission  wavelength  /nm 
Figure  8.  Broadened  filter  2. 
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Introduction 

Narrow  channel  wavelength  division  multiplexing  (WDM)  is  an  attractive  technique  for 
increasing  the  capacity  of  optical  fibre  transmission  systems.  An  essential  component  for 
WDM  systems  is  a  wavelength  demultiplexer  capable  of  providing  high  levels  of  isolation 
between  adjacent  channels.  Additionally  if  the  components  are  to  be  deployed  in  large 
volumes  then  they  will  be  required  to  be  low  cost.  Silica-on-silicon  technology  is  an  attractive 
technology  for  producing  such  components  ^ . 

The  arrayed  waveguide  grating  component  which  was  first  proposed  by  Dragone  2,  has  been 
demonstrated  to  be  a  promising  device  for  such  applications^.  The  component  consists  of 
two  radiative  stars  interconnected  by  an  array  of  waveguides,  with  a  constant  path  length 
difference  between  adjacent  waveguides.  The  radiative  stars  are  the  key  elements  which 
determine  the  crosstalk  and  insertion  loss  of  the  WDM  component.  The  field  distribution  in 
the  input  waveguide  is  approximately  gaussian.  When  the  field  reaches  the  planar  section  of 
the  first  radiative  star  it  is  no  longer  confined  laterally  and  diverges.  The  far  field,  which  is 
also  approximately  gaussian,  is  launched  into  the  grating  array  of  waveguides.  The  number  of 
grating  waveguides  needs  to  be  sufficient  to  capture  all  of  the  far  field.  If  there  are  not 
enough  waveguides  in  the  grating  section,  then  the  insertion  loss  of  the  component  increases 
and  also  when  the  light  is  focused  in  the  second  star  sidebands  are  produced. 

An  8  channel  WDM  with  4  nm  channel  spacing  was  designed  using  5  pm  high  waveguides 
with  a  An  of  7  x  lO"^.  The  radiative  star  had  a  radius  of  3.3  mm,  with  17  pm  wide 
waveguides  arranged  on  a  21  pm  pitch.  The  WDM  had  24  waveguides  in  the  grating 
section.  The  overlap  integral  between  the  modefields  of  adjacent  waveguides  is  close  to 
-30  dB,  thus  the  WDM  would  be  expected  to  have  a  similar  level  of  adjacent  channel  isolation. 
Modelling  of  the  radiative  star  indicated  that  there  were  sufficient  arms  in  the  grating  section  to 
suppress  the  sidelobes  below  -30  dB.  However  experimentally  it  was  observed  that  the 
isolation  was  close  to  -22  dB. 

Offset  of  phase  centre  due  to  coupling 

As  the  waveguides  come  together  in  the  input  radiative  star,  then  light  can  couple  into  adjacent 
waveguides.  Without  coupling,  the  input  field  starts  to  diverge  when  it  reaches  the  planar 
region.  Coupling  offsets  the  focal  position  of  the  input  field,  so  that  it  appears  to  originate 
within  the  array  of  input  waveguides.  In  the  output  radiative  star,  as  the  output  waveguides 
fanout  from  each  other,  light  is  able  to  couple  into  adjacent  waveguides,  reducing  the  isolation. 
The  coupling  was  modelled  using  a  beam  propagation  model  (BPMCAD),  which  predicted  a 
reduction  in  isolation  to  about  -25  dB. 
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Two  methods  can  be  used  to  correct  for  coupling  effects.  Firstly  they  can  be  eliminated  by 
increasing  the  spacing  between  waveguides.  Secondly  they  can  be  compensated  for  by 
moving  the  two  surfaces  of  the  radiative  star  together,  so  that  instead  of  each  member  of  the 
two  waveguide  arrays  pointing  at  the  end  of  the  central  waveguide  in  the  opposite  array,  they 
are  pointing  towards  the  offset  focal  point.  Both  of  these  methods  have  been  investigated 
experimentally  and  further  design  iterations  have  been  produced. 

Phase  errors 

Modelling  of  random  phase  errors  showed  that  to  achieve  good  sidelobe  suppression,  it  is 
necessary  to  control  the  optical  path  length  to  better  than  ±  20  nm,  over  a  length  of  several 
centimetres.  The  optical  path  length  is  controlled  by  several  factors.  Firstly  there  is  the  actual 
physical  path,  which  is  determined  by  the  mask  and  secondly  there  are  fluctuations  caused  by 
variations  in  the  refractive  index. 

The  generation  of  the  mask  is  intensely  dependent  upon  software.  Initially  a  software  package 
is  used  which  calculates  the  start  and  end  co-ordinates  of  each  waveguide.  The  second  stage 
is  to  transform  the  waveguide  path  into  an  array  of  grid  co-ordinates  which  are  used  to  define 
the  actual  mask  writing  process.  Errors  can  occur  in  the  calculation  of  the  initial  path,  all  the 
routines  used  were  carefully  verified  and  where  possible  different  methods  were  used  to 
calculate  the  values  of  co-ordinates.  The  second  part  of  the  mask  generation  involves  the 
quantization  of  the  data,  the  quantization  size  being  a  key  parameter.  The  first  mask  written 
using  the  BNR  electron  beam  machine  had  used  a  quantization  of  50  nm.  The  BNR  facility 
is  capable  of  using  quantizations  as  small  as  10  nm,  although  the  mask  writing  time  increases 
from  1  hr/WDM  to  9  hrsAVDM.  A  test  mask  was  fabricated  containing  2  different  WDM 
devices  each  one  being  written  three  times  with  quantizations  of  10,  25  and  50  nm.  Figure  1 
below  shows  measured  sidelobe  level  against  quantization  size 

Figure  1 :  Measured  sidelobe  level  against  quantization  size 


35 


^  30 

oa 

s 

e  25 
o 

*Io 

2  20 

Q. 

a 

3  15 

0) 

n 

I  >0 

•D 

^  5 


0  ^ 
0 


""  “  Design  A 
'  Design  T 

H - 1 - 1 - 1 - 1 

10  20  30  40  50 

Quantization  size  (nm) 


For  5  of  the  6  components  made,  there  is  excellent  correlation  between  the  sidelobe 
suppression  and  the  quantization  size,  the  sidelobe  suppression  increasing  linearly  as  the 
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quantization  size  decreases.  As  the  quantization  size  reduces,  the  measured  performances  will 
approach  the  theoretical  limit  for  a  particular  design.  Hence  for  design  A,  which  is  limited  by 
coupling  effects,  the  improvement  is  not  as  great  as  for  T. 

However  when  design  A  was  made,  with  a  10  nm  quantization  size,  worse  sidelobe 
suppression  was  achieved.  The  data  was  checked,  but  no  obvious  reason  was  found  for  this 
anomalous  result.  One  possibility  could  be  that  because  the  write  time  is  about  9  hours,  there 
is  a  greater  probability  of  the  electron  beam  machine  being  affected  by  a  random  voltage  spike. 
Due  to  the  failure  to  identify  the  mechanism  in  this  case,  the  final  mask  was  fabricated  using  a 
25  nm  quantization.  Quantization  is  a  key  factor  in  sidelobe  suppression  and  there  is  potential 
for  improvement  with  further  v/ork. 

Although  it  has  not  been  possible  to  quantify  the  effect  of  small  scale  random  process 
variations.  The  results  from  this  test  mask  would  suggest  that  such  effects  are  of  much  less 
importance  than  mask  errors. 

Eliminatioii  of  coupling  effects 

In  this  design,  the  waveguide  pitch  was  increased,  which  significantly  reduces  coupling  effects. 
From  the  modelling  of  coupling  effects,  the  changes  relative  to  the  initial  design  should  give  an 
improvement  in  isolation  of  about  10  dB.  This  was  very  close  to  the  actual  improvement  to 
give  an  isolation  of  -32  dB,  as  shown  below  in  figure  2.  This  is  one  of  the  best  isolation 
results  reported  for  this  kind  of  device  and  demonstrates  the  levels  of  performance  required  by 
practical  systems. 

Figure  2  :  4  channel  WDM  with  4  nm  channel  spacing,  isolation  of  ”32  dB 
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Phase  centre  compensation 

The  response  of  the  WDM  was  modelled  by  summing  all  of  the  amplitude  components  in  each 
arm  of  the  grating  section  and  introducing  a  correction  for  phase  centre  offset.  This  modelling 
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predicted  that  sidelobes  would  be  produced  at  -22  dB  for  a  phase  centre  offset  of  100  |im.  A 
series  of  3  designs  were  produced  where  the  two  surfaces  of  the  radiative  star  were  offset  in 
50  p.m  steps  from  0  to  100  |xm,  to  compensate  for  phase  centre  displacements.  This  series 
shows  a  steady  improvement  in  sidelobe  suppression,  indicating  that  as  predicted,  phase  offsets 
are  a  limiting  factor.  By  fitting  a  parabola  to  the  experimental  points  it  was  possible  to  infer 
that  a  100  |xm  offset  is  very  close  to  the  optimum  phase  centre  compensation.  This  device  had 
an  isolation  greater  than  -27  dB,  as  illustrated  below  in  figure  3.  The  use  of  phase  centre 
compensation  has  reduced  the  sidelobes,  in  addition  this  device  has  a  50  %  wider  passband 
than  the  first  design. 

Figure  3:  Insertion  loss  for  4  channel  WDM,  with  phase  centre  compensation 
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Conclusions 

Two  approaches  have  been  used  to  reduce  sidelobes  caused  by  coupling  effects  in  the 
arrayed  waveguide  WDM.  One  method  is  to  eliminate  them  by  spacing  the  waveguides 
sufficiently  far  apart,  this  approach  has  led  to  an  adjacent  channel  isolation  of  greater  than 
-32  dB.  The  second  approach  has  been  to  compensate  for  phase  centre  offsets,  via  the  use 
of  corrections  to  the  radiative  stars.  Using  the  second  approach  an  isolation  of  -27  dB  has 
been  achieved,  with  the  additional  benefit  of  a  50%  increase  in  passband.  Additionally 
phase  errors  due  to  quantization  errors  in  masks  have  been  shown  to  be  an  important 
parameter  in  achieving  good  levels  of  isolation 
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Introduction 

Wavelength  Division  Multiplexing  (WDM)  is  an  effective  technique  to  exploit  the  huge 
bandwidth  of  optical  fibres.  Key  components  in  such  WDM-systems  are  demultiplexers  which 
spatially  separate  the  different  wavelength  channels.  Phased-array  demultiplexers  combine 
ease  of  fabrication  and  low  insertion  losses.  Silica-based  phased-array  demultiplexers  are 
realised  with  low  losses  from  2-3  dB  [1,2].  InP-based  demultiplexers  show  slightly  higher 
on-chip  losses  of  4-6  dB  [3,4],  In  addition  they  have  considerably  higher  fibre  coupling  losses 
(several  dB’s),  but  the  advantage  of  InP-based  demultiplexers  is  that  they  can  be  integrated 
with  active  components.  Earlier  we  reported  a  low'-loss  demultiplexer  with  reduced  fibre 
coupling  loss  by  applying  deeply  etched  InGaAsP  waveguides  with  a  relatively  large  core  and 
a  low  index  contrast,  which  had  an  almost  circular  mode  profile  [5],  The  component  had 
4-5  dB  on-chip  loss  and  fibre  coupling  loss  of  about  1  dB  to  a  tapered  fibre.  In  this  article  we 
report  a  method  to  further  reduce  the  on-chip  losses. 


Figure  L  Schematic  layout  of  the  phased-array  demultiplexer. 

Design 

Most  of  the  on-chip  loss  occurs  at  the  junctions  between  the  array  and  the  slab  guide,  the 
so-called  free  propagation  region  (EPR),  as  shown  in  the  inset  of  figure  1.  At  this  Junction  the 
field  in  the  waveguide  section  shows  a  very  deep  modulation  (figure  2a,  solid  line)  due  to  the 
deep  trenches  between  the  array  waveguides. 
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(a)  (b) 

Figure  2.  Fields  at  the  aperture;  sum  field  of  the  array  waveguides  (solid  line), 
and  the  field  required  for  efficient  coupling  to  the  receiver  waveguide  order 
(dashed  line).  In  (a)  the  the  fields  are  shown  for  the  deeply  etched  waveguide 
structure.  The  coupling  efficiency  can  be  improved  by  a  using  a  shallowly  etched 
waveguide  structure,  as  shown  in  (b). 

The  ripple  in  the  field  pattern  causes  a  considerable  fraction  of  the  power  to  be  radiated  into 
adjacent  orders.  The  dashed  line  depicts  the  field  corresponding  to  the  dominant  order,  which 
couples  efficiently  into  a  receiver  waveguide.  The  coupling  efficiency  is  found  from  the 
overlap  of  the  two  fields.  The  overlap  is  increased  by  filling  the  zeroes  between  the  individual 
waveguide  modes  (figure  2b,  solid  line).  This  can  be  done  by  inserting  a  shallowly  etched 
transition  region  (TR)  between  the  deeply  etched  array  waveguides  and  the  FPR,  as  shown  in 
figure  3.  This  method  has  been  applied  before  to  waveguide  bends,  in  order  to  reduce  the 
bending  and  scattering  losses  [6]. 
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Figure  3.  Detail  of  the  transition  region  (TR)  at  the  junction  between  the  array 
waveguides  and  the  free  propagation  region  (FPR)  (left,  topview).  Also  shown  are 
the  field  distributions  in  the  waveguide  structure  as  used  for  the  array  waveguides 
(upper  right)  and  for  the  waveguides  in  the  transition  region  (lower  right). 

Now  the  coupling  between  the  FPR  and  the  array  waveguides  takes  place  in  two  steps.  First  the 
fields  in  the  array  waveguides  couple  to  the  fields  of  the  TR  waveguides,  and  then  these  fields 
couple  to  the  dominant  order  in  the  FPR.  By  increasing  the  thickness  t  of  the  TR,  the  efficiency 
of  the  latter  coupling  increases  due  to  the  fact  that  the  exponential  tails  of  the  fields  in  the  TR 
waveguides  extend  further  into  the  film  next  to  the  waveguides,  resulting  in  filling  the  zeroes 
between  the  individual  waveguide  modes.  This  TR  thickness  dependency  of  the  coupling 
efficiency  is  shown  in  figure  4a  (dashed  line),  where  coupling  losses  for  two  slab-array 
junctions  -  at  input  and  output  aperture  -  are  shown  (only  for  TE  polarisation).  However,  the 
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coupling  efficiency  of  the  elliptical  waveguide  fields  in  the  TR  to  the  circular  waveguide  fields 
in  the  deeply  etched  array  waveguides  decreases  with  increasing  TR  thickness  t  (figure  4a, 
dotted  line),  and  an  optimum  in  the  combined  coupling  efficiency  can  be  found  (figure  4a,  solid 
line).  The  total  coupling  efficiency  for  t  =  0  um,  i.e.  without  TR,  is  3.5  dB.  A  similar  graph  can 
be  obtained  for  TM  polarisation.  In  figure  4b  the  total  loss  reduction  is  shown  for  both  TE  and 
TM  polarisation.  The  optimum  TR  thickness  is  1.1  )im,  resulting  in  a  predicted  loss  reduction 
of  2.2  dB  for  TE  polarisation,  and  1.9  dB  for  TM  polarisation.. 
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Figure  4.  Coupling  losses  versus  TR  film  thickness.  In  (a)  the  losses  are  shown 
for  two  slab-array  junctions  for  TE  polarisation:  the  dashed  line  depicts  the 
coupling  between  the  FPR  and  the  TR,  and  the  dotted  line  the  coupling  between 
the  TR  and  array  waveguides  (AR).  The  solid  line  shows  the  combined  loss.  In  (b) 
the  total  predicted  loss  reduction  is  shown  for  TE  polarisation  (solid  line)  and  TM 
polarisation  (dashed  line).  Also  shown  is  the  measured  reduction  for  TE 
(diamond)  and  TM  polarisation  (triangle). 


Tw'o  phased-array  demultiplexers  have  been  fabricated  using  raised  strip  w'aveguides  in 
LP-OMVPE  grown  undoped  InGaAsPfXg  =  1.02  pm)  on  InP  substrate,  one  of  which  was  used 
for  the  double  etch  experiment.  The  devices  have  8  wavelength  channels  with  a  2  nm  channel 
spacing.  The  width  and  thickness  of  the  raised  strip  waveguides  are  chosen  as  3.0  pm  and 
2.2  pm  respectively,  to  obtain  zero  birefringence.  The  etch  depth  for  the  TR  was  chosen 
1.1  pm,  yielding  an  optimum  TR  thickness  of  1.1  pm.  The  length  of  the  TR  was  chosen 
10  pm,  w'hich  is  -  according  to  BPM  analysis  -  sufficiently  short  to  get  rid  of  the  radiation 
modes  excited  at  the  first  junction.  The  v/aveguides  arc  reactive  ion  etched  (RIE)  using  CI7  for 
smooth  sidewalls  and  low  scattering  losses,  resulting  in  an  optical  loss  of  2  dB/cm  both  for  TE 
and  TM  polarisation.  Due  to  the  high  lateral  index  contrast,  small  bending  radii  can  be  used 

(200  to  500  pm),  giving  an  array  size  of  1.0x1. 3  mm",  measured  from  object  plane  to  image 

plane,  and  an  overall  device  size  of  1.2x3. 3  mm"  because  the  input  and  output  waveguides  are 
positioned  with  a  250  pm  pitch  for  tapered  fibre  ribbon  coupling. 

Experiments 

Figure  4b  shows  the  experimental  improvement  obtained.  It  can  be  seen  that  the  reduction  of 
the  insertion  loss  is  1.7  dB  for  TE  polarisation  and  1.3  dB  for  TM  polarisation,  which  is  only 


IMC6-4  /  55 


0.6  dB  less  than  predicted.  The  gap  between  the  waveguides  was  larger  than  in  a  previous 
design  [5],  which  resulted  in  a  slightly  higher  on-chip  loss  of  6  and  7  dB  for  TE  and  TM 
polarisation  respectively,  for  the  device  with  the  transition  region.  Crosstalk  values  are  -25  dB 
or  better. 

Conclusion 

We  have  demonstrated  a  method  to  reduce  the  insertion  loss  of  phased-array  demultiplexers.  In 
this  method  an  intermediate  section  with  a  shallow  etch  depth  is  inserted  at  the  junction 
between  the  free  propagation  region  and  the  array  waveguides,  resulting  in  lower  coupling 
losses.  Feasibility  of  the  concept  is  demonstrated  experimentally  for  an  8  channel 
demultiplexer  with  2  nm  channel  spacing  employing  non-birefringent 
InGaAsP(Xg  =  1 .02  |im)-on-InP  raised  strip  waveguides.  The  measured  on-chip  loss  is  7.7  and 
8.3  dB  for  TE  and  TM  polarisation  respectively,  for  the  device  without  the  transition  region. 
The  device  with  transition  regions  showed  an  on-chip  loss  of  6  and  7  dB,  resulting  in  a 
reduction  of  1.7  dB  and  1.3  dB  for  TE  and  TM  polarisation  respectively.  This  is  only  0.6  dB 
less  than  predicted  by  theory. 
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1  Introduction 

Integrated  optical  circuits  use  planar  optical  waveguides  to  perform  routing,  and  other 
functional  operations  on  the  optical  signals.  In  the  routing  function,  these  guides  have 
to  convey  signals  from  one  location  on  the  circuit  to  another,  and  these  involve  the 
use  of  bends  and  corners.  It  is  known  that  sharp  discontinuities  in  optical  waveguides 
result  in  losses  in  the  form  of  radiation,  and  the  design  of  these  bends  and  corners  to 
minimize  is  of  considerable  importance. 

In  this  paper,  we  discuss  the  design  of  the  corner  bend  which  uses  a  turning 
mirror,  and  the  form  that  the  turning  mirror  is  shown  in  Figure  1.  The  analysis 
of  these  structures  is  performed  using  the  boundary  integral  method  outlined  in  an 
earlier  publication  [1].  The  method  has  been  extended  to  allow  the  analysis  of  both 
the  quasi- TE  and  quasi-TM  modes  of  operation,  and  we  therefore  describe  the  method 
and  present  the  results  obtained  on  the  corner  bend.  We  provide  a  brief  outline  of  the 
method  used  for  the  TM  mode  case  only.  A  more  detailed  description  of  the  method 
with  results  on  a  variety  of  structures  including  the  quasi-TE  mode  structures  will  be 
discussed  elsewhere  [2]. 

2  Analysis  Method 

Consider  a  region  comprising  of  piecewise  homogeneous  domains,  m  =  1,2,3...,  with 
propagation  constants  /3m,  which  are  separated  by  a  series  of  boundaries.  In  the  case 
of  nonmagnetic  dielectric  structures  Pm  is  given  by  ujUmlco,  where  rim  is  the  index 
of  the  domain,  lj  is  the  radial  frequency  of  the  propagating  wave,  and  cq  is  the 
velocity  of  light  in  free  space.  Given  any  point  ro  in  domain  m,  by  Green’s  theorem, 
the  scalar  field  can  be  expressed  in  terms  of  the  boundary  values: 

^(.o)  =  -  GUr  -  nf-^)dS  (1) 

where  the  integral  is  performed  on  the  boundary  and  Gn  is  the  Green  function  in 
the  domain,  which  is  exp{j Pm^)) / r  for  3-D  and  Ho{Pmr)  for  2-D,  and  the  complete 
solution  requires  that  all  the  boundary  values  are  known.  We  set  N  points  on  the 
boundaries,  and  for  simplicity  these  points  are  uniformly  spaced,  and  each  point 
occupies  a  unit  area  (or  unit  length  for  2-D  domain).  The  scalar  field,  and  its  normal 
gradient  at  point  i  are  denoted  by  pi  and  ■?/>  =  dp/dn.  Note  that  since  these  values  are 
shared  by  both  sides  of  the  boundary,  continuous  boundary  conditions  are  applied. 
We  also  define  operator  6ij  =  1  for  boundary  point  i  and  j  on  the  same  domain,  and 
5ij  =  0  otherwise.  Applying  Green’s  theorem,  and  replacing  the  integral  in  equation 
1  with  a  summation  for  boundary  point  i,  the  scalar  field  pi  can  be  evaluated  from 
either  left  or  right  side  of  the  boundary.  It  can  be  proved  that  for  j  on  the  left; 

\(f>i  =  E  -  E  +  Sli 

j^i  j-^i 


(2) 
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Figure  1 :  Effective  index  of  ri^t  angle  bend  with  turning  mirror,  guide  is  3  wide, 
and  the  effective  indices  of  the  guide  and  outer  regions  are  3.3,  and  3.295  respectively, 
with  the  mirror  region  of  index  1.0 

and  for  j  on  the  right; 

I**  =  +Y,Gi(rj  -  (3) 

where  Gi  and  Gr  are  Green  functions  in  the  left  and  right  side  domains.  Si  and  Sr 
are  left  and  right  side  integral  contributions  from  the  sources,  which  are  boundary 
nodes  with  known  field  values.  The  sign  change  in  equation  3  is  due  to  the  definition 
of  normal  direction.  Linear  system  of  2N  equations  with  2N  unknowns  in 

equations  2,  3  can  be  explicitly  solved.  Note  that  evaluation  of  the  matrix  elements  is 
merely  a  task  of  calculating  Green  functions  for  pairs  of  points,  and  since  many  points 
may  not  “see”  each  other  6ij  —  0,  the  matrix  is  sparse  in  most  structures.  With  the 
TE  mode,  which  has  the  electric  field  in  the  plane  of  the  paper,  additional  boundary 
conditions  need  to  be  imposed,  and  these  will  be  outlined  in  detailed  elsewhere  [2]  . 

3  Results 

Using  this  method,  we  have  been  able  to  examine  a  waveguide  with  a  right  angle 
corner,  as  shown  in  Figure  1,  together  with  the  turning  mirror.  Since  the  method 
is  tv/o  dimensional,  we  have  used  the  concept  of  effective  indices,  also  shown  in  the 
figure.  The  guide  is  single  mode,  3  ixm  wide,  effective  index  of  3.3,  and  the  outer 
regions  have  an  effective  index  of  3.295,  and  the  wavelength  of  the  propagating  mode 
is  850  nm.  For  this  case  with  a  reduced  mirror  size  of  the  form  shown  in  Figure  2, 
the  calculated  results  of  the  fields  are  shown  in  Figure  3.  The  loss  is  calculated  by 
taking  the  overlap  integral  of  the  field  at  the  output  end  with  the  fundamental  mode 
field.  The  flared  guide  structure  shown  in  Figure  4  has  the  lowest  loss,  and  the  results 
of  the  fields  in  the  guide  are  shown  in  Figure  5.  In  practice  the  roughness  loss  at 
the  turning  mirror  also  needs  to  be  added  to  this  loss.  The  location  of  the  turning 
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Figure  3:  Fields  in  the  small  turning  mirror,  with  cut  away  section  for  the  corner 
bend  structure  of  Figure  2 


Figure  4:  Flared  waveguide  structure  with  a  wide  turning  mirror  for  the  corner  bend 
structure  of  Figure  1 
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Figure  5:  Fields  in  the  flared  waveguide  structure  with  a  wide  turning  mirror  for  the 
corner  bend  structure  of  Figure  4 


Alignment  Offset  x  (micron) 


Figure  6:  Effect  of  misalignment  of  the  wide  turning  mirror  in  the  flared  waveguide 
structure  corner  bend  structure  of  Figure  4. 
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mirror  in  the  comer  has  an  optimum  position  as  shown  in  Figure  6.  The  calculations 
were  performed  for  the  TM  mode  cases,  and  the  losses  are  similar  for  the  TE  case. 

4  Summary 

We  have  shown  that  the  losses  for  the  reduced  mirror  size  turning  mirror  results  in 
additional  loss,  and  that  the  flared  guide  results  in  the  least  loss,  and  also  has  an 
optimum  position  for  the  wide  turning  mirror. 
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1  Introduction 

Optical  control  of  microwave  circuits  is  a  fast- 
growing  research  area.  The  aim  is  to  develop 
microwave  devices  capable  of  performing  high- 
speed/high-freqnency  tasks  needed  in  emerging  com¬ 
munication  and  signal  processing  systems. 

Several  authors  have  proposed  the  use  external 
bulk  illumination  for  control  of  microwave  devices. 
External  illumination,  however,  is  an  inefficient  ap¬ 
proach  to  achieve  that  task.  Intergrated  guided-wave 
optical  control  has  been  proposed  to  achieve  better 
and  efficient  control.  Also,  composite  devices  and 
more  complicated  control  mechanisms  could  be  im¬ 
plemented  using  guided  wave  optics. 

In  this  paper,  modeling  of  the  optical  guided  wave 
control  of  microstrip  circuits  is  investigated.  Tech¬ 
niques  for  modeling  the  microwave  and  optical  com¬ 
ponents  of  the  device,  as  well  as  modeling  of  the  in¬ 
teraction  between  the  optical  and  microwave  signals 
are  presented. 

2  Basic  Device  Configuration 

Consider  the  configuration  in  Fig.  1.  The  figure  shows 
a  microstrip  line  with  a  gap  in  its  top  metalization. 
Light  is  guided  in  a  low-loss  dielectric  region  of  the 
substrate,  where  it  couples  into  a  parallel  waveguide 
just  below  the  gap.  The  waveguide  into  which  it  cou¬ 
ples  is  made  of  a  photosensitive  semiconductor  mate¬ 
rial.  Consequently,  optical  energy  will  be  absorbed, 
and  a  plasma  of  electrical  carriers  wiU  be  generated. 
The  capability  of  shaping  the  optical  guided  mode 
profile  allows  for  a  certain  degree  of  freedom  in  pro¬ 
filing  this  plasma  distribution,  in  order  to  best  utilize 
the  optical  energy  available.  Due  to  the  proximity 
of  the  optical  mode  to  the  metal  surface,  the  optical 
signal  will  suffer  some  attenuation.  Some  techniques 
may  be  used  to  minimize  this  effect.  For  example, 
away  from  the  coupling  region,  the  optical  energy 


Figure  1:  A  cross-section  in  an  optically  controlled 
microstrip  switch 

should  be  guided  in  a  strongly-guided  mode.  Also, 
TE  modes  are  prefered  over  TM  modes  since  they 
are  less  sensitive  to  the  existence  of  a  metallic  sur¬ 
face.  Further,  the  optical-energy  could  be  made  to 
approach  the  surface  with  in  the  gap  region  only,  us¬ 
ing  bends  in  the  waveguide  structure  for  example,  as 
shown  in  Fig.  2.  For  these  considerations,  a  direc¬ 
tional  coupler  appears  to  be  a  suitable  choice  of  the 
optical  guiding  system. 


Figure  2:  A  cross-section  in  an  optically  controlled 
microstrip  switch  with  input  bended  guide. 
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Figure  3:  A  cross-section  in  a  directional  coupler  with 
an  absorbing  layer 

3  Modeling  of  the  Optical 
Component 

Consider  the  directional  coupler  shown  in  Fig.  3.  The 
input  waveguide,  into  which  a  TE  wave  at  A  =  830  nm 
is  launched,  has  a  core  of  thickness  2di  =  1  fim  and 
an  index  7ii=  3.65.  The  second  guide,  into  which  the 
optical  energy  couples,  has  a  thickness  of  2d2  =  1 
and  an  index  ns  —  3.65  -j  0.0684  (GaAs  at  A= 
830  nm).  The  separating  cladding  has  an  index  n2 
=3.63.  The  width  of  the  separation  layer  between  the 
two  guides,  2t,  is  variable.  These  are  typical  values 
of  double  heterostructure  with  GaAs/AlGaAs  MQW 
materials.  Refractive  index  values  between  3.66  and 
3.15  can  be  obtained  by  varying  the  Al  composition  in 
Ala,Gai_a:As  from  x  =0.0  to  x=0.7  at  a  wavelength 
oi  ^  826  nm.  The  two  dimensional  optical  models 
are  suitable  for  the  analysis  of  the  system,  since  the 
width  of  the  microstrip  wire  is  wide  enough  to  make 
the  underneath  optical  guide  essentially  a  2-D  struc¬ 
ture.  Using  the  above  data,  the  input  field  distri¬ 
bution  could  be  calculated,  and  supplied  to  a  Vec¬ 
tor  Beam  Propagation  Method  (VBPM)  numerical 
simulator.  Fig.  4  depicts  the  case  where  the  guides 
separation, 2t,  is  0.6  fim.  Fig.  5  and  Fig.  6  depict  the 
cases  where  2t  =0.3  and  1.5  ^m  respectively.  For 
2t=1.5  /xm,  the  coupling  length, is  4.7  mm.  For 
2t  =0.3  /im,Lc=  686.7  /xm  and  for  2t  =0.6  /xm  it  is 
3.363  mm. 

From  these  simulations,  the  rate  at  which  optical 
energy  is  being  coupled  and  absorbed  in  the  GaAs 
layer  is  calculated.  This  in  turn  would  give  an  esti¬ 
mate  of  the  photogenerated  conductivity,  ^^(z),  and 
the  conductance,  Gh  in  that  layer.  The  amount  of 
power  absorbed  in  the  GaAs  layer  along  the  gap 


length  is  depicted  in  Fig.  7.  The  rate  of  absorption  of 
this  power,  is  proportional  to  the  conductivity 

cr(z)  at  each  point  along  the  gap.  The  linear  portion 
of  the  curves  depicted  in  Fig.  7  are  the  regions  where 
the  plasma  is  evenly  distributed,  and  hence  the  con¬ 
ductance  is  relatively  constant.  The  portion  at  which 
the  curve’s  slope  is  almost  zero  indicates  dark  regions 
with  high  resistivity.  The  quantity  oc  AG^,  was 
calculated  and  plotted  in  Fig.  8.  If  within  a  cer¬ 
tain  small  length  segment,  Az  along  the  gap  width, 
a  certain  amount  of  optical  power,  APa  has  been  ab¬ 
sorbed,  the  conductivity  of  this  segment  would  be 
where  A  is  the  area  normal  to  the 
propagation  direction.  The  conductivity  of  the  gap 
region  is  determined  by  a  series  of  these  segments. 
By  adding  up  these  series  conductances,  we  get  the 
total  gap  conductance,  Gj,. 

J_  =  (1) 

Gh  AG{,  Jo  cr{z)A 

where  h  is  the  length  of  the  gap.  From  Figs.  7  and  8, 
it  is  evident  that  coupling  strength  affects  the  carri¬ 
ers  distribution  along  the  gap,  and  hence  it  could  be 
used  to  design  an  evenly  distributed  plasma  across 
the  gap.  Depending  on  the  gap  length,  the  coupling 
strength  could  be  adjusted  accordingly.  This  topic  is 
one  of  the  areas  that  would  require  thorough  investi¬ 
gation  in  the  future  research  work,  in  order  to  come 
up  with  an  optimized  set  of  parameters  such  as  the 
gap  length,  and  guided  wave  parameters  that  satis¬ 
fies  a  set  of  conditions  on  power  handling  capability, 
speed,  impedance  level, ..etc. 

4  Modeling  of  the  Microwave 
Component 

The  effect  of  the  light-generated  conductivity  on  the 
microwave  power  transmission  can  be  studied  using 
full  wave  analysis  of  the  transmission  line  discontinu¬ 
ity  in  the  presence  of  the  plasma  of  carriers  within 
the  discontinuity.  This  was  done  numerically  for  free 
space  illumination  [1]  and  could  be  extended  to  the 
guided  wave  case.  Full  wave  analysis  of  the  gap  dis¬ 
continuity  was  conducted  [2]  and  could  be  extende  to 
the  case  where  the  gap  is  partially  conducting  due 
to  the  presence  of  the  photo-generated  carriers.  It 
is  also  suggested  by  Platte  and  others  [3]  to  use  a 
simple  TT  equivalent  circuit  as  that  shown  in  figure  9 
to  model  the  microwave  gap.  This  equivalent  cir¬ 
cuit  consists  of  several  gap  and  shunt  conductances 
that  describe  the  performance  of  the  real  gap  struc¬ 
ture  as  a  first  order  approximation.  The  power  trans- 
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Figure  4:  A  contour  plot  for  the  Ey  held  in  a  direc¬ 
tional  coupler  with  the  top  guide  being  an  absorbing 
layer.  Optical  power  is  launched  into  the  lower  guide, 
and  is  being  absorbed  while  being  coupled  into  the 
upper  guide,  guide  separation  is  0.6/im 


Figure  6:  A  contour  plot  for  the  Ey  held.  All  param¬ 
eters  are  as  before  except  for  separation  =  1.5/im. 


gap  length. 

Figure  5:  A  contour  plot  for  the  Ey  held.  All  param¬ 
eters  are  as  before  except  for  separation  r=  0.3/im. 
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AC»(z)  -  distribution  of  the  conductance  along  the  gap,  arbitrary  units 
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Figure  8:  The  variation  of  photo-induced  conduc¬ 
tance  Gh{z)  along  the  axial  direction,  z. 


tion  does  not  take  into  account  the  insertion  losses 
due  to  the  microstrip  line. 
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Figure  9:  The  tt  equivalent  circuit  of  the  configura¬ 
tion  shown  in  the  previous  figure 


mission  through  the  laser  excited  plasma  layer  is  de¬ 
scribed  by  the  lumped  conductance  and  shunt¬ 
ing  effects  caused  by  greater  absorption  depths  is 
taken  into  account  through  the  shunt  conductance 
Ga-  To  include  the  feature  of  the  dark  microstrip 
gap,  the  gap  capacitance  Ch  and  the  shunt  capac¬ 
itance  Ca  are  introduced  [4].  In  most  cases,  how¬ 
ever,  and  using  gap  widths  of  0.1  mm,  Ca  and  Ch 
are  in  the  order  of  0.01  pF  [4].  For  signal  frequencies 
of  up  to  10  GHz,  or  even  more,  these  capacitances 
may  be  neglected  [5].  This  is  always  the  case  as  long 
as  the  induced  photoconductivity  satisfies  the  con¬ 
ditions  Ch  »  <^Ch  and  u^CaZo  «  1,  where  is 
the  line  characteristic  impedance.  The  first  condi¬ 
tion  ensures  that  the  impedance  level  between  the 
ON  and  OFF  states  are  highly  distinctive,  which  is 
a  basic  condition  for  achieving  an  effective  switching. 
If  this  condition  is  not  satisfied,  the  photo-excited  mi¬ 
crowave  power  transmission  would  barely  exceed  the 
residual  ’’dark”  power  transmission  through  the  gap 
capacitance.  The  second  condition  ensures  that  the 
shunt  capacitive  reactance  is  much  higher  than  the 
transmission  line  impedance. 

For  the  matched  operating  conditions,  i.e.,  with 
signal  source  impedance  and  load  impedance  equal 
to  the  transmission  line  characteristic  impedance, 
it  could  be  shown  that  the  power  transmission  coef¬ 
ficient,  based  on  the  S  parameter  concepts,  is  given 

by 

^  _ {•^ZoG.f _ 

P2  [{1  +  ZoGa)(l  +  + 

(2) 

where  Ca  and  Ch  are  dependent  on  the  optical  pulse 
energy  and  the  optical  wavelength.  The  above  equa- 
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I.  Introduction 

Mode-locked  semiconductor  laser  diodes  are  excellent  for  generating,  e.g.,  solitons  and  blue  light  by 
second-harmonic  generation  in  bulk  crystals.  However,  until  recently,  the  output  pulse  energy  has  been 
limited  by  the  lov/  saturation  energy  (about  1  pJ)  of  single  lateral-mode  semiconductor  amplifiers.  By 
using  flared  semiconductor  laser-diode  amplifiers,  the  saturation  energy,  and  thereby  the  output  power 
can  be  increased  by  two  orders  of  magnitude  [l],[2]. 

So  far,  no  detailed  modelling  has  been  performed  for  these  devices,  due  to  the  lack  of  a  dynamic  Beam 
Propagation  Method  (BPM),  necessary  for  this  highly  multimode  and  nonlinear  device. 

It  is  important  that  a  semiconductor  laser  amplifier  (SLA)  has  a  large  gain  and  does  not  distort 
the  pulse  shape.  Good  modelling  will  allov/  us  to  achieve  these  two  goals.  In  this  paper,  we  present 
simulations  of  short  pulse  propagation  in  travelling- v/ave  SLAs  using  a  Dynamic  BPM.  Based  on  these 
simulations,  SLAs  have  been  designed  and  fabricated  and  are  currently  under  measurement.  The  paper 
is  organized  as  follows:  in  section  II  we  present  the  derivation  of  the  model  and  the  numerical  method; 
in  section  III  we  show  some  examples  of  the  results  and  in  section  IV  we  draw  some  conclusions. 

II.  Theoretical  model  and  numerical  technique 

Our  dynamic  BPM  is  based  on  two  coupled  equations  [3]:  1)  a  scalar  time-domain  wave  equation  that 
describes  the  propagation  of  the  electromagnetic  field  and  2)  a  rate  equation  that  describes  the  carrier 
induced  nonlinear  dynamic  phenomena  that  are  relevant  in  the  propagation  of  picosecond  pulses.  The 
w’ave  equation  approach  aUov/s  us  to  consider  the  complex  field  amplitude  dynamics  -  such  as  chirping  - 
that  is  usually  neglected  in  the  photon  density  rate  equation.  We  applied  the  paraxial  approximation  and 
the  effective  index  method,  including  refractive  index  dispersion  up  to  the  second  order  and  a  parabolic 
gain  profile  in  frequency,  to  obtain  an  equivalent  problem  in  two  spatial  and  one  temporal  coordinates 
[4].  Furthermore,  we  introduced  a  time  frame  T  moving  with  the  pulse  group  velocity. 

The  rate  equation  approximation  for  the  carrier  dynamics  holds  for  pulse  durations  longer  than  the 
intraband  relaxation  time  Tin  (i.e.  about  100 fs).  To  obtain  an  analytical  expression  for  the  time- 
dependent  gain  of  the  active  medium,  we  also  neglected  the  diffusion  and  recombination  terms.  This 
is  correct  for  low  repetition  rates  and  pulses  much  shorter  than  the  carrier  lifetime  in  the  conduction 
band,  which  is  usually  longer  than  500  ps.  This  means  that  our  model  can  give  correct  results  for  pulse 
durations  between  1  and  50  ps. 

The  final  equation  is: 


dz 


E  F 
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where  the  H  operator  has  the  following  expression 


q2  ^2 

H  =  a-^  +  b{x,  z)  +  c-^  +  d{x,  2,  T)  ( 1  +  e 


5T2  / 


/ 


Here  2  is  the  longitudinal  coordinate,  x  the  transversal  lateral  position,  F(x,T,z)  the  complex  field 
envelope,  a  accounts  for  the  diffraction,  b  for  the  lateral  index  guiding,  c  for  the  chromatic  material 
dispersion,  d  for  the  gain  with  saturation,  e  for  gain  dispersion  and  /  for  the  internal  material  losses.  The 
gain  coefficient  d  is  a  complex  number  to  include  the  linewidth  enhancement  factor  a,  which  is  responsible 
for  the  self-focusing  of  the  field.  The  analytical  expression  of  d{x,  2,  T)  is  the  following: 

d(a:,2,T)  =  sfo(l +ia)exp|-^:^  f  \F(x,T,z)f  dr 

I  t^sat  J  —  00 

where  go  is  the  unsaturated  gain  and  Usa.t  is  the  saturation  energy  expressed  in  pJ  / ^im. 

The  numerical  solution  is  based  on  a  Locally  One  Dimensional  (LOD)  [5]  symmetrized  split-step 
method,  that  reduces  the  solution  of  the  3D  problem  to  that  of  a  sequence  of  three  2D  equations:  a 
spatial,  a  temporal,  and  a  nonlinear  one.  This  approach  allows  us  to  choose  the  optimal  technique  for 
solving  each  equation  and  to  use  2D  transparent  boundary  conditions  (TBC)  [6]  instead  of  the  more 
cumbersome  3D  ones.  The  possibility  of  applying  the  TBC  to  the  spatial  and  temporal  equations  is 
quite  important  because  we  need  to  simulate  correctly  the  outgoing  radiated  modes  due  to  the  high 
multimodality  of  the  structure. 

In  our  case,  the  first  two  equations  have  been  solved  by  a  finite  difference  scheme  with  TBC  modified 
to  consider  a  medium  with  gain  dispersion.  The  nonlinear  equation  has  been  solved  by  Newton’s  method. 

III.  Results 


We  have  analyzed  both  gain  and  index  guided  structures  with  different  material  parameters  in  order 
to  investigate  the  effects  of  saturation  and  self— focusing. 

We  first  simulated  a  1  mm-long  GaAs  power  amplifier  with  a  4  pm-wide  input  and  68  ^m-wide  output 
linearly  flared  TiPtAu  contact. 

The  working  wavelength  is  0.85  ^ni  and  the  input  field  is  Gaussian  with  a  temporal  and  spatial  FWHM 
of  3.4  ps  and  10 /xm,  respectively. 

An  example  of  the  comparison  between  index  and  gain  guided  structures  for  the  same  value  of  the 
Linewidth  Enhancement  Factor  (LEF=  2)  is  shown  in  Figs.  1,  2,  3,  4. 

Index— guided  amplifiers  have  very  sharp  pulse  shapes  (Fig.  1)  and  highly  distorted  phase  profiles 
(Fig.  3),  due  to  the  intense  self-focusing  of  the  strongly  confined  optical  field. 

On  the  other  hand,  gain-guided  devices  give  smoother  pulse  shapes  (Fig.  2)  (apart  from  the  ripple 
superimposed  on  the  peak  that  is  due  to  a  filamentation  phenomenon)  with  quasi— parabolic  phase  profiles 
(Fig.  4),  thanks  to  the  reduced  confinement  of  the  field.  Their  drawback  is  the  lower  amplification 
compared  to  the  index-guided  ones. 

Since  for  obtaining  the  maximum  power  coupled  into  an  optical  fiber  using  a  lens,  the  ideal  field  shape 
should  be  Gaussian  with  a  nearly-parabolic  phase  profile  like  the  one  of  gain-guided  devices,  in  the  rest 
of  the  paper  we  focus  our  attention  on  these  ones. 

We  next  considered  two  cases  of  gain— guided  devices  with  different  input  pulse  energy  (1  pJ  and  4 
pJ)  keeping  the  saturation  energy  (4  pJ)  and  the  Linewidth  Enhancement  Factor  (LEF=2)  constant.  In 
this  case,  we  simulated  a  2  mm— long,  4  ^m— wide  input,  132  p-m— wide  output  Knearly  flared  amplifier. 

The  comparison  between  the  spatial  profiles  is  shown  in  Fig.  5  and  proves  that,  thanks  to  the  low  LEF 
value,  both  cases  provide  high  amplification  with  little  pulse  distorsion.  The  temporal  profiles  (Fig.  6) 
clearly  show  the  tails  due  to  self-focusing  and  gain  saturation. 

IV.  Conclusions 

We  have  derived  a  dynamic  BPM  to  simulate  picosecond  pulse  propagation  in  travelling  wave  semicon¬ 
ductor  laser  amplifiers  and  we  have  shown  its  application  to  the  analysis  of  flared  gain  guided  devices. 
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Introduction  :  Secure  communication  systems  based  upon  chaotic  encryption  of  data 
have  recently  attracted  interest .  An  efficient  algorithm  for  improving  the  locking  rate 
between  receiver  and  transmitter  of  such  a  system  has  been  reported  previously  [1]  and 
consideration  has  been  given  to  techniques  for  the  control  of  the  nonlinear  dynamics 
of  lasers  in  general  [2,3]  and  ,  in  particular  ,  laser  diodes  [4,5]  which  can  function  as 
practical  transmitters  in  chaotic  optical  data  encryption  systems  .In  the  present  work  an 
investigation  has  been  undertaken  of  the  use  of  continuous  optoelectronic  feedback  in 
selecting  periodic  dynamics  in  external  cavity  laser  diodes  subject  to  conventional 
optical  feedback  .Other  work  has  explored  the  control  of  chaos  in  external  cavity  laser 
diodes  using  occasional  proportional  feedback  [6]  and  direct  modulation  [7,8]. 

Model :  It  is  assumed  that  the  laser  operates  in  a  single  longitudinal  mode  and  is 
subject  to  optical  feedback  from  an  external  mirror.  A  rate  equation  treatment  of  this 
configuration  has  recently  been  developed  to  take  into  account  feedback  effects  in 
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modulated  external  cavity  laser  diodes  [5,9] .  The  laser  is  taken  to  be  supplied  with  a 
DC  injection  current  1^  =  2 1,h ,  where  I,h  is  the  threshold  current.  Delayed 
optoelectronic  feedback  is  used  to  slightly  modifiy  the  driving  current  at  time  t, 
according  to  the  output  power  that  was  emitted  at  a  previous  time  t-iel .  Using  the 
proportionality  between  the  output  power  and  the  cavity  photon  density ,  s(t) ,  the 
laser  driving  current  is  then  given  as  : 


I(t)  - 


*^0 


(1) 


Where  x  is  the  control  parameter.  The  photon  density  s^  of  the  solitary  laser  under 
the  DC  driving  current  is  taken  as  a  reference. 


Results  :  It  is  well  known  that  with  increase  of  the  level  of  optical  feedback  the  laser 
dynamics  undergoes  a  sequence  of  period-doubling  bifurcations  culminating  in  chaotic 
behaviour  [4-6],  The  effect  of  applying  additional  optoelectronic  feedback  in  the  form 
(1)  to  a  laser  in  the  chaotic  regime  is  shown  in  Figure  1  .  As  the  control  parameter  is 
increased  by  relatively  small  values  in  a  step-wise  manner  the  chaotic  dynamics  is 
successively  replaced  by  period  4  ,  period  2  and  period  1  dynamics. 

The  second  parameter  which  may  be  used  to  control  the  dynamics  is  the  delay  time  of 
the  optoelectronic  feedback.  Figure  2  shows  the  bifurcation  diagram  for  a  laser  with 
the  fixed  optoelectronic  feedback  strength  but  with  the  feedback  delay  Xgi  being 

adiabatically  varied.  It  is  seen  that  reverse  bifurcation  sequences  appear  over  a  number 
of  ranges  of  the  feedback  delay.  This  demonstrates  that  the  laser  diode  dynamics  can 
be  ‘tuned’  or  rapidly  switched  to  a  chosen  dynamical  regimes  including  effecting 
transitions  fi'om  chaos  to  periodic  regimes  and  vice  versa.  Examination  of 
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corresponding  results  for  the  time  dependence  of  the  laser  light  output  power  and 
control  signal  amplitudes  confirm  that  periodic  dynamics  can  be  extracted  from  chaos 
using  corrections  to  a  pumping  current  which  are  typically  less  than  1%  of  DC 
injection  current  even  when  the  control  parameter  was  changed  suddenly  (eg  when 
modulated  by  rectangular  pulses). 

In  conclusion,  control  of  coherence  collapse  and  selection  of  stable  periodic  outputs 
of  semiconductor  lasers  subject  to  weak  optical  feedback  has  been  demonstrated.  In 
comparison  with  synchronization  by  external  modulation  the  present  approach  is  seen 
to  possess  significant  engineering  advantages  in  that  it  does  not  require  additional  high 
frequency  sources,  imposes  a  modest  requirement  on  the  bandwidth  of  the  electronic 
components  in  the  feedback  loop  and  is  amenable  to  optoelectronic  integration. The 
approach  also  offers  a  novel  means  for  performing  electronic  to  optical  information 
conversion . 
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Introduetion 

A  waveguide  problem  with  a  balance  between  loss  and  gain  has  been  defined  by  one  of  the 
authors  (H.-P.  N.)  in  the  COST  240,  Working  Group  2,  to  study  the  mode  behaviour  in  the 
case  of  complex  refractive  index  and  to  compare  different  approaches.  This  problem  is  many¬ 
layered  in  both  senses  of  the  word.  We  will  not  discuss  the  numerical  aspects  of  finding  all 
roots^  of  the  dispersion  equation,  we  will  give  a  quasi-analytic  solution  for  the  branching  point 
of  the  dispersion  diagram,  define  a  new  BPM  benchmark  test,  and  discuss  the  peculiar  wave 
behaviour  of  this  waveguide. 


-xlO"^ 


The  waveguide  structure  is  shown  in  Figure  1:  two  layers  vvdth  mutually  complex  conjugate 
refractive  indices  are  surrounded  with 

a  slighdy  lower  real  refractive  index.  ..  aX 

The  exact  values  of  aU  paxameters  are 
given  in  Figure  1.  The  imaginary  parts 
of  refractive  indices  of  guiding  layers 
vary  in  a  very  broad  range:  in  terms  of 
the  absorption  (gain)  coefficient  a. 


nG=  3.252398  -  i  /7' 
riL  =  3.252398  +  i  n’ 


4tc 


^  =  1.55  pm 


rts=  3.169355 

Figure  1:  Two-layer  v/aveguide  with  gain  and  loss 

between  zero  and  TIO"*  cm'*.  The  task  is  to  find  effective  refiractive  indices  and  mode  fields  of 
TE  modes  for  any  a  in  this  interval. 


Quasi-analytic  solution 

A  large  number  of  well-known  methods  can  be  used  to  solve  the  task^.  In  the  most 
straightforward  method,  the  electric  field  distribution  of  a  guided  mode  in  the  waveguide  is 
expressed  in  the  form 


X  <  -d:E  =  Aexp[^5(x-i-d)], 

-d  <x<0: 

E  =  Bi  co^ky [^x-^B2  sin ky ^ 

(1) 

x>d:  £  =  £>exp[-Zry5(x-t-d)], 

0<x<d: 

E  =  Cl  cos,kyQX  +  C2  sinkyQX 

where 

Is  “65,  7l  =^Ei-Eeff  , 

Jg  =  ^J^G  ~^eff  > 

II 

k  =  (27t  )/X,  and  the  sign  of  Neff  is  chosen  so  that  Ref  Neff]  >  0. 

The  conditions  of  continuity  of  the  field  E  and  its  derivative  at  a:  =  0  and  x  =  id  give  a  set  of 
homogeneous  linear  equations  for  unknov/n  amplitudes  A,  B2,Ci,C2,  D.  To  get  a  non¬ 
trivial  solution,  the  determinant  of  this  set  of  equations  must  be  equal  to  zero.  It  leads  to  the 
dispersion  equation  of  the  form 

^(£^_^,a)  =7^(75  cos/7(5^-Tg  sin^^iZ  +  y^cos/ry^^ii) 

V"^  / 

+Yl(75  cosky  l^-Jl  sin  tfQci  +yQ  coskyad)  =  0 

Having  this  equation  numerically  solved,  the  field  amplitudes  can  be 

calculated,  and  the  field  distribution  is  then  explicitly  given  by  (1). 
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The  calculated  dependencies  of  real  and  imaginary  parts  of  effective  refractive  indices  are 
plotted  versus  the  absorption  coefficient  a  in  Figure  2. 


Figure  2:  Effective  refractive  indices  ReUV.^^  and  a^=(4jt/WIm{iV,^  versus  a 

It  is  seen  that  for  values  of  a  <  tti  =  2725  cm  \  the  waveguide  is  single-mode  and  the  mode 
propagates  without  loss  or  gain.  In  the  interval  ai  <(X  <  (Xtranch  =  5226.3  cm  \  the  waveguide 
supports  two  modes  with  real  effective  indices,  and  finally,  for  very  large  values  of  a  >  abranch , 
the  two  modes  have  mutu^y  complex-conjugate  effective  indices.  With  increasing 
attenuation/gain  in  the  waveguiding  layers  above  tti,  the  effective  refractive  indices  and  the 
mode  fields  approach  to  each  other,  and  at  a  =  owh  both  effective  indices  degenerate  into  a 
single  real  value.  For  even  larger  a,  one  mode  is  attenuated  while  the  other  one  grows,  but 
both  propagate  with  the  same  velocity.  The  mode  field  distributions  are  correspondingly 
concentrated  in  the  layer  with  loss  and  gain,  respectively.  The  mode  field  distributions  for 
a  =  5000  cm'‘  (which  is  close  to  Obrai^h)  and  a  =  7000  cm‘^  are  plotted  in  Figure  3. 


LW 


Figure  3:  Module  and  phase  of  the  modal  field  distributions  for  a  =  5000  cm‘^ 
(close  to  Obraoch)  and  o  =  7000  cm  *  (greater  than  Otranch) 
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From  the  asymptotic  behaviour  of  mode  fields  for  a  — >  abranch  we  can  deduce  that  at  abranch,  the 
mode  fields  are  degenerate,  and  the  orthogonality  condition  reduces  to  the  “self-orthogonality” 

]E^{x)dx=0 


From  Fig.  2  it  is  seen  that  at  the  branch  point  ttbranch,  dz^jda  ->±<».  Since 

dE^jda  =-(ao/aa)/(3^/a  Egj)  as  follows  from  the  dispersion  equation  (2),  it  means 

that  ao/a  Zgff  =0.  We  get  the  critical  value  of  otbranch  by  solving  a  set  of  two  complex 
transcendental  equations 

«I>(e^^,a)  =  0,  a<D/ae^j=0  (3) 

for  Zgff  and  a.  Their  (numerical)  solution  gives  Obranch  =  5226.302  cm'\  Zeg  =  10.1412428  cm  ^ 
The  behaviour  of  the  dispersion  curves  in  Fig.  2  can  be  easily  explained  by  the  following 
arguments:  Since  O  is  a  regular  function  of  the  complex  variable  and  a  smooth 

function  of  a,  it  can  be  expanded  into  the  Taylor  (Laurent)  series.  It  follows  from  (3), 
however,  that  in  the  expansion  in  the  vicinity  of  the  branching  point  the  corresponding  two 
terms  vanish.  The  dispersion  equation  can  thus  be  approximated  by 

^  ~®^branch)'*' 

where  ^  branch’® branch)/^  ®  ’  ^■eff  ^  branch’® branch)/^  (^) 

it  follows  that  the  approximate  solution  of  the  dispersion  equation  near  Obranch  is 

^eff  ~^eff  .branch  —  ^ 

where  *5.6753x10“^  cm. 


BPy  benchmark  test  for  complex  refractive  index 

This  problem  can  be  used  for  defining  of  a  new  benchmark  test^  for  the  beam  propagation 
method  (BPM),  because  we  know  the  quasi- analytic  solution  (3).  This  test  is  complementary 


to  the  two  tests  published  earlier.  It 
is  focused  on  the  imaginary  part  of 
the  refractive  index,  which  was 
always  zero  in  the  previous  tests. 
The  definition  of  the  tasks  is: 
Calculate  the  wave  behaviour  for 
various  values  of  the  coefficient  a 
of  a  gain-loss  waveguide,  which  is 
placed  between  two  lossless  (single¬ 
mode)  input  and  output  waveguides 
with  identical  real  parts  of  the 
refractive  index.  From  the  disper¬ 
sion  diagram  we  know  that  there  is 
a  branch  point  Obraoch  which  divides 


Figure  4:  BPM  benchmailc  test  with  beat  length  A  and  as  a  results  into  two  parts.  For 
function  of  a.  The  insert  demonstrates  the  strong  attenuation  /  ®<®branch  we  have  two  lossless 
amplification  behaviour  of  the  gain-loss  waveguide  at  modes  with  similar  field  distribu- 
(x=53{)6  cm'^  from -10  dB  <  OdB  (start)  <  30dB.  tions,  and  we  thus  observe  a  beat 
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length  A,  which  is  increasing  for  increasing  values  of  a.  We  can  easily  determine  Obranch  from 
(5)  by  plotting  1/A^  over  a,  as  is  shown  in  Fig.  4,  left  part.  For  a  >  Obranch  we  have  a 
superposition  of  an  amplified  and  an  attenuated  modes,  where  the  amplified  will  survive,  and 
we  can  thus  determine  the  effective  gain  constant  Oeff  as  a  function  a  from  a  plot  of  as  is 
shown  in  Fig.  4,  right  part.  We  used  a  FD-BPM  algorithm  to  perform  this  benchmark  test,  and 
we  found  the  value  of  5306<abranch<5307  [cm‘‘],  which  is  slightly  different  from  the  quasi- 
analytic  solution. 

Wave  growth  in  the  gain-loss  waveguide  with  "lossless"  elgenmodes 

The  calculation  of  the  passive  waveguide/gain-loss  waveguide/passive  waveguide  structure 
used  for  the  BPM  test  for  a<abranch  shows  a  variation  of  the  transmitted  power  P  propagating 
along  the  z-diiection  between  Pam<Psu^<Paa-  Notice  that  the  two  eigenmodes  of  the  gain-loss 
waveguide  have  zero  imaginary  parts  and  that  we  start  with  0  dB  power  in  a  real  passive 
waveguide.  How  can  we  explain  this  growth  behaviour,  shown  in  the  insert  of  Fig.  4,  where 
we  have  Pram<-10  dB  and  P^ax  >  30  dB?  Investigation  with  an  eigenmode  expansion  method 
like  the  BEP*  shows: 


Following  the  notation  of  ^  (with  /  =  number  of  the  section,  i,k  =  number  of  modes),  we  can 
write  the  amplitude  expansion  coefficient  Uik  at  the  interface  of  the  passive/gain-loss  waveguide 


as: 


4-1,/ 


=  °]^^'^EiixyEk(x)dx  A]^^^Ei{x)-^^%ix)dx 


- > 

{xy^Ek{x)dx  . 

J 


We  have  calculated  the  squared 
absolute  value  of  the  amplitude 
expansion  coefficients  a,*  at  the 
interface  passive/gain-loss  wave¬ 
guide  in  Figure  5  and  observe  a 
strong  increase  for  a  approaching 
Obranch.  As  a  driving  force  we  identify 
that 


V./fl 


^*^Eiix)^^%{x)dx 


4800 


a  [cm  ’]  6600 


due  to  the  "self-orthogonality".  We 
can  thmk  of  the  two  modes  as  of  j  .  Asymptotic  behaviour  of  the  squared  absolute  value  of 

two  large  numbers  Ei  =  E2=-Ei  +  X  the  amplitude  expansion  coefficients  a,tas  a  function  of  a. 
with  t«£i.  By  interference  we  get 

Pmin  «  1  and  Pmax  =  »1.  The  asymptotic  behaviour  of  the  modes  for  a  aproaching 

Obranch  is  as  follows:  the  beat  length  A  approaches  to  infinity,  and  for  z  ^  the  field  amplitude 
growths  to  infinity,  too. 


'  R.E.Smith,  S.N.Houde-Walter,  and  G.W.Forbes,  Opt.  Lett.  Vol.  16,  pp.1316-1318, 1993 
^R.  Collin:  Field  theory  of  guided  waves.  Academic  Press,  New  York  1960 

^  H.-P.  Nolting,  R.  Marz,  “Results  of  Benchmark  Tests  for  Different  Numerical  BPM  Algorithms",  IEEE  J.  Lightwave 
Technology,  vol.l3,  No.2,  pp.216-224, 1995 

^G.  Sztefka,  H.-P.  Nolting,  “Bidirectional  Eigenmode  Propagation  for  Large  Refractive  Index  Steps",  IEEE  Photon. 
Technol.  Lett. ,  Vol  5,  No.  5,  pp.  554-557, 1993 

^  H.-P.  Nolting,  M.  Grawert,  “A  Comparison  between  Different  Methods  to  Calculate  Grating  Assisted  Asymmetrical 
Couplers",  Linear  and  Nonlinear  Integrated  Optics,  11-13  April  1994  Lindau  94,  Germany,  Proceedings  Europto  Series 
Vol  2212,  pp  328-336 


80  /  NOTES 


Monday,  April  29,  1996 


Symposium  on  WDM  Filters 


IME  1 :30  pm-3:00  pm 
Fairfax  B 

J.L.  Jackel,  Presider 
Bellcore 


82  /  IMEl-1 
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Summary.  Large-scale  WDM  systems  contain  wavelength-selective  filters,  switches  and  multiplexers  which  must 
be  tolerant  of  moderate  wavelength  channel  misalignment  and  can  be  cascaded  without  severe  accumulated 
shrinkage  of  the  effective  passband  width.  These  requirements  demand  that  wavelength-selective  components 
possess  nearly  rectangular  spectral  profiles.  In  this  paper,  we  describe  the  flattest  acousto-optic  wavelength-routing 
switch  yet  reported.  A  multi-cycle  SAW  directional-coupler-weighted  AOTF  was  fabricated  on  XY  lithium  niobate 
which  posessed  a  3-dB  width  of  2.52  nm  and  a  -20-dB  width  of  0.89  nm.  For  comparison,  an  ideal  apodized  AOTF 
with  the  same  3-dB  width  would  have  a  -20  dB  width  of  only  0.33  nm.  In  this  paper  we  describe  WDM  switch 
requirements  for  transmission  band  flatness,  present  our  filter  design  and  device  evaluation  and  compare  our 
results  with  the  work  of  previous  authors. 

Crosstalk  and  Passband  Shape.  Figure  1  shows  the  operation  of  a  WDM  switch  on  two  wavelengths,  ^^bar  which 
is  a  channel  passing  unfiltered  through  the  switch  and  remains  in  the  bar  state,  and  ilcross  which  is  coupled  to  the 
opposite  or  cross-state  port  of  the  switch.  In  the  acousto-optic  switch  (AOS),  switching  occurs  for  wavelengths  for 
which  TE-TM  photoelastic  interconversion  is  phase-matched  with  an  acoustic  grating  of  period  A=X/An,  in  which 
An  is  the  substrate  birefringence  [1].  From  the  point  of  view  of  real  WDM  systems,  crosstalk  between  channels 
leads  directly  to  system  degradation,  and  it  is  important  to  relate  WDM  switch  passband  shape  to  interchannel 
crosstalk.  Consider  the  schematic  passband  of  Fig.  2a,  in  which  the  filter  is  optimized  for  switching  at  Xq  which  is 
near  the  system  channel  T^cross  and  far  from  the  unswitched  neighbor  Xbar-  In  the  AOS,  peak  switching  at  Xq  occurs 
for  an  acoustic  frequency  obeying  F  =  V^Xq  /  An.  The  bar-state  transmission  curve  identifies  the  fraction  of 

intensity  Sbar  at  T^cross  which  remains  in  the  bar  state,  while  the  fraction  of  X-bar  which  has  been  induced  to  switch  by 
the  switching  at  Xq  is  Scross,  determined  by  reading  the  cross-state  transmission  profile  at  Xbar-  Switch  performance 
can  be  identified  by  specifying  a  target  crosstalk  level  Sc  and  then  examining  the  passband  shape  in  order  to  obtain 

the  key  parameters  of  wavelength  misalignment  tolerance  AX^J^  =  (tl^e  range  of  wavelength  window 

over  which  switching  extinction  exceeds  Sc)  and  minimum  interchannel  separation  for  which  the  unswitched 
channels  remain  in  the  bar  state  with  extinction  exceeding  Sc  :  AX^^^^  '^^^cross\  This 

definition  of  interchannel  separation  allows  for  interchannel  crosstalk  to  be  low  enough  even  at  the  maximum 
tolerable  wavelength  misalignment,  as  depicted  in  Fig.  2b.  A  further  term,  the  rectangularity  r  can  be  defined  as 

r(c)  ~  AX  /  AX  I  ;  for  a  perfect  rectangular  filter  r->l  for  all  values  of  c  .  How  long  r  remains  large,  as  c 

becomes  more  stringent,  is  a  practical  measure  of  rectangularity. 

Passband  Engineering.  Sidelobe  suppression  or  peak  flattening  can  be  realized  by  controlling  the  amplitude  and 
phase  of  the  envelope  of  the  photoelastic  grating  which  constitutes  the  interaction  region  of  an  AOTF  [1].  For 
example,  sidelobe  suppression  can  be  acliieved  by  imbedding  the  active  optical  waveguide  of  the  WDM  filter  in  the 
cross  arm  of  a  SAW  directional  coupler  so  that  the  observed  interaction  strength  is  apodized  with  a  tapered  onset 
and  cutoff.  Adjusting  the  weighting  function  affects  the  depth  of  sidelobe  suppression  [2] .  Theoretical  calculations 
by  G.  H.  Song  predicted  that  a  rectangular  filter  would  require  a  tapered-onset  of  the  AO  interaction  strength 
followed  by  three  cycles  of  an  oscillating  acoustic  interaction  strength  with  an  overall  exponential  decay  envelope 

[3] .  In  a  recent  experiment.  Song’s  proposed  coupling  potential  was  successfully  tested  by  using  only  two  cycles  of 
a  20  micron  gap  surface  acoustic  wave  directional  coupler,  in  which  a  single  partial  acoustic  absorber  was  placed 
between  SAW  intensity  cycles  to  simulate  a  decay  envelope,  and  the  tapered  onset  of  Song’s  design  was  ignored 

[4] .  Jackel  had  a  filter  with  a  L78-nm  3-dB  width  and  a  bar-state  width  (wavelength  misalignment  tolerance)  of 
0.67  nm  at  -15  dB  and  0.30  nm  at  -20  dB. 
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In  our  experiments,  we  have  designed  an  improved  filter  (Figure  3a)  which  maintains  the  qualitative  features  of 
Song’s  proposal  and  which  coupled-mode  theoiy  led  us  to  believe  would  have  superb  rectangularity  but  would  be 
just  39  mm  in  length  [5],  Improvements  over  Jackel’s  work  incorporated  in  this  device  are  (1)  incorporation  of  a 
linear  tapered  onset,  (2)  three  full  cycles  of  SAW  amplitude  and  (3)  a  much  shorter  interaction  by  using  a  zero  gap 
SAW  coupler  instead  of  the  more  gradually  oscillating  20  micron  gap  coupler. 


Device  fabrication  and  evaluation.  The  multi-cycle  SAW-coupler-based  AO  IF  generates  the  SAW  in  an  IDT 
located  in  an  isolated  acoustic  waveguide  which  evanescently  couples  into  a  zero-gap  two-SAW-mode  coupler 
which  causes  the  SAW  intensity  to  oscillate  over  an  imbedded  optical  waveguide.  The  device  shown  in  Figure  4 
was  fabricated  on  X-cut,  Y-propagating  lithium  niobate.  Acoustic  cladding  layers  were  formed  by  diffusing  a 
1800A  titanium  stripe  for  a  total  of  30  hours  at  1050°C.  Optical  waveguides  were  formed  using  950a  of  Ti  and  a 
10-hour  diffusion  at  the  same  temperature.  The  SAW  intensity  profile  over  the  optical  waveguide  under  study  was 
modeled  using  an  optical  beam  propagation  program  which  treated  all  dimensions  as  correct,  but  which  imagined 
the  SAW  beam  to  be  an  optical  mode  with  “free-space”  wavelength  33.2  pm,  so  that  the  artificial  cladding  index 
(1.6)  yielded  the  correct  20-pm  SAW  period  in  the  device.  The  “core”  index  of  1.605  was  chosen  to  obtain 
agreement  with  the  observed  SAW  oscillation.  By  varying  the  modeled  point  acoustic  attenuation  at  each  null,  the 
passband  flatness  could  be  optimized.  Maximum-flatness  passbands  are  shown  in  Fig.  3b  for  one,  two  and  three 
cycles  of  SAW  excitation.  It  is  clear  from  the  figure  that  the  flatness  improves  as  the  number  of  cycles  increases. 

Experiment.  The  SAW  intensity  profile  was  monitored  by  a  short-pulse  RF  probe  technique  which  provided  a 
direct  real-time  plot  of  SAW  intensity  vs.  position  along  the  active  waveguide  [6]  [7].  Discrete  rubylith  strip 
absorbers  of  0.5  mm  width  were  placed  at  the  SAW  intensity  nulls  while  monitoring  the  transmitted  SAW  power 
using  a  second  IDT  at  the  far  end  of  the  device.  Adjusting  the  width  of  the  absorber  strips  allowed  us  to  vary  the 
attenuation.  The  position  dependence  of  birefringence  was  monitored  by  finding  the  local  resonant  frequency  at 
each  SAW  peak.  Often,  devices  suffer  from  high  sidelobe  levels  due  to  birefringence  nonunifonnity  across  the 
interaction  region.  Anticipating  birefringence  variations,  we  placed  nichrome  heater  coils  above  each  peak  and 
arranged  to  adjust  the  current  through  each  coil  independently  to  perform  local  temperature  tuning  of  An.  The 
filter  passband  was  evaluated  at  various  levels  of  partial  absorber  attenuation  and  while  varying  the  birefringence 
to  obtain  best  flatness.  Birefringence  was  monitored  whenever  an  important  result  was  obtained.  Figure  4  depicts 
the  tuning/probing  apparatus.  The  filter  shape  was  obtained  (see  Fig.  5)  by  employing  the  spontaneous  emission 
spectrum  of  an  erbium  amplifier  as  the  optical  source  and  observing  the  passband  or  band-reject  spectra  using  an 
optical  spectrum  analyzer. 

Results.  In  experiments  to  date,  we  have  seen  dramatic  improvement  of  passband  flatness  in  moving  from  one  to 
two  cycles,  but  it  appears  that  uncompensated  birefringence  variations  have  made  three-cycle  devices  actually 
worse  than  two-cycle  ones.  The  effective  device  length  for  two  cycles  is  only  27.5  mm,  and  the  passband  for  the 
uncompensated  device  and  the  far  deeper  notch  for  the  compensated  device  is  shown  in  Fig.  6a.  Figure  6b 
compares  the  one  and  best  two  cycle  passband  shapes.  Table  1  compares  the  passband  widths  at  various  crosstalk 
levels  for  the  one-  and  two-cycle  devices.  We  compared  the  results  obtained  with  the  temperature-compensated 
two-cycle,  tapered-onset,  zero-gap  SAW-coupler-apodized  filter  with  the  best  reported  previous  results  [Jacket]  in 
the  last  row  of  Table  1.  Jacket  et  al.’s  results  have  been  normalized  so  that  the  3-dB  widths  agree  (Their  actual  3- 
dB  filter  width  was  1.78  nm).  Their  normalized  passband  shapes  are  superimposed  on  ours  in  Fig.  7,  and  the 
rectangularity  parameter  is  plotted  for  the  experimental  observations  of  Table  1  in  Fig.  8. 

Discussion.  A  number  of  observations  can  be  made  for  completeness.  (1)  The  wavelength-misaligmnent  tolerance 
benefit  of  passband  flattening  exacts  a  penalty  in  sidelobe  skirt  level,  but,  as  all  these  extinctions  are  much  smaller 
than  the  better-than-30-dB  extinction  required  to  reduce  the  effects  of  interchannel  coherent  crosstalk,  it  will  still 
be  necessary  to  use  spatial  switch  dilation.  (2)  We  have  further  studied  the  effect  of  passband  shape  on 
intennodulation  and  find  that  the  closer  the  rectangularity  is  to  one,  the  worse  the  intermod.  We  are  investigating 
whether  this  is  a  fundamental  limitation.  (3)  The  placement  of  the  optical  waveguide  in  the  center  of  the  lower  half 
of  the  SAW  waveguide  is  not  optimum,  according  to  our  modeling  of  the  SAW  amplitude,  and  in  future  designs, 
we  will  move  the  optical  waveguide  toward  the  SAW  guide  center.  (4)  The  best  flatness  was  acliieved.  surprisingly, 
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for  a  birefrinence  nonuniformity  worse  than  that  measured  for  the  ''uncompensated”  profile.  This  is  not  yet 
understood. 

[1]  D.  A.  Smith  et  al.,  “Evolution  of  the  acousto-optic  wavelength-routing  switch”,  to  be  published  in  J.  Lightwave 
TechnoL  ,  March,  1996.  [2]  H.  Herrmann  et  al.,  J.  Lightwave  TechnoL,  vol.  13,  no.  3,  pp.  364-374,  1995.  [3]  G.  H. 
Song,  J.  Lightwave  TechnoL,  vol.  13,  pp.  470-480,  1995.  [4]  J.  L.  Jacket  et  al.,  Photon.Technol.  Lett.  ,  vol.  7, 
pp. 3 18-320,  1995.  [5]  R.  S.  Chakravarthy  et  al.,  Proc.  7th  European  Conf.  on  Integrated  Optics  ,  (Delft,  The 
Netherlands,  Apr.  3-6,  1995).  [6]  L.  B.  Aronson  et  al.,  Proc.  Integrated  Photonics  Res.  Conf.,  postdeadline  paper 
PD6  (Dana  Point,  CA,  Feb.  23-25,  1995).  [7]  H.  Rashid  et  al.,  Proc.  LEOS’95  (San  Francisco,  CA,  Nov.,  1995). 


Fig.  1.  Wavelength  channels  remain  in  Fig.  2.  (a)  Bor  and  cross  state  extinctions  defined;  (b) 

the  bar  state  or  are  switched  to  the  cross  Depiction  of  wavelength  misalignment  tolerance  and 

state  with  residual  fractions  as  shown.  channel  separation  required  for  a  given  crosstalk  criterion. 


Wavelength  (nm) 

Fig.  3.  (a)  Schematic  of  the  multi-cycle  SAW-coupler— based  AOTF  showing  measured  SAW  intensity  profile 
before  and  after  step  attenuators  were  put  in  place,  (b)  predicted  bar  and  cross  state  passband  shapes  for  1,2  and 
3  cycles  with  optimum  attenuation  chosen. 


Fig.  4.  Passband  evaluation  using  EDFA  ASE  probe. 


bar 
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distance  along  y  axis  (mm) 

Fig.  5.  Birefringence  timing  by  separately  heating  SA  W peaks.  The  pulse  probe  scheme  is  also  sho\vn. 


Fig.  6.  (a)  Passband  shapes  before  (dashed)  and  after  (solid)  birefringence  tuning,  (b)  comparison  of  one  (dashed) 
and  two  (solid)  cycle  passband  shapes. 


Fig.  7.  Comparison  of  our  passbands  (solid)  with 
those  of  Ref  4  (dashed).  Curves  are  normalized  to 
the  same  3~dB  level. 


cycle  operation,  two  cycle  operation  and  Ref.  4. 


#  cycles 

-3  (IB  width 

-10  dB  width 

-15  dB  width 

-20  dB  width 

one 

2.52  ntn 

0.89 

0.22 

N/A 

two 

2.52 

1.11 

0.89 

two  [ref  4] 

2.52 

0.95 

0.42 

Table  1.  Comparison  of  bar-state  widths  of  one-cycle  and  two-cycle  devices. 
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1.  Introduction 

Tunable  narrowband  filters  will  be  used  in  a  variety  of  applications 
such  as  wavelength-division  multiplexed  (WDM)  optical  communication 
systems.  Ti:LiNb03  electro-optically  tunable  filters  (EOTF)  are  potential 
candidates  for  such  devices  [1].  However,  they  require  some 
improvements  in  sidelobe  suppression,  drive-voltage  reduction,  narrow 
passband,  and  polarization  independence  for  practical  use. 

In  this  paper,  we  demonstrate  a  low-sidelobe,  low-drive-voltage, 
polarization-independent  tunable  filter  that  features  a  new  type  of 
electrode  structure. 

2.  Structure 

The  configuration  of  our  filter  is  shown  in  Figure  1.  This  filter  is 
fabricated  in  X-cut  LiNbOs  and  consists  of  polarization  beam  splitters 
(PBS),  TE/TM  mode  converters  and  a  heater.  In  this  polarization- 
diversity  configuration,  the  filtered  output  is  guided  to  the  cross¬ 
waveguide  (port  2). 

The  PBS  was  a  zero  gap  coupler,  as  shown  in  Figure  2.  We  use  an 
interdigital  structure  electrode  between  the  two  PBSs  as  a  mode  converter. 
In  order  to  suppressed  the  sidelobe  we  employed  a  withdrawal  electrode, 
in  which  the  fingers  are  removed  so  that  the  density  of  fingers  may  be 
distributed  to  reflect  the  shape  of  the  appropriate  weighting  function  [2]. 
We  found  that  a  Gaussian  function  as  a  weighting  function  gives  good 
sidelobe  suppression  characteristics,  base  on  calculations.  Figure  3  shows 
the  schematic  diagram  of  this  withdrawal  electrode. 
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In  a  conventional  EOTF,  the  electro-optical  tuner  has  the 
disadvantage  that  it  requires  a  large  tuning  voltage.  We  considered  a 
thermo-optically  tuning  with  a  heater,  because  the  temperature 
dependence  of  LiNbOs  birefringence  is  large.  To  realize  this  effect  in 
devices,  we  set  a  heater  near  the  waveguides.  This  heater  also  doubles  as  a 
pad  for  the  withdrawal  electrodes. 

3.  Fabrication  and  measurement 

The  waveguides  and  PBSs  were  fabricated  by  titanium  indiffusion. 
We  deposited  a  buffer  layer,  then  formed  an  Au  withdrawal  electrode  and 
a  heater  by  evaporation.  The  length  of  the  electrode  was  40  mm  and  the 
electric  resistance  of  the  heater  was  87  12. 

Figure  4  shows  the  measured  characteristics  of  the  filtered  light  (port 
2)  for  both  the  TF  and  TM  inputs.  The  sidelobe  is  less  than  -24  dB  for 
both  polarization  inputs  and  the  polarization-dependent  loss  is  less  than  1 
dB.  A  FWHM  of  1  nm  was  obtained.  The  sidelobe  was  reduced  drastically 
compared  with  a  conventional  filter  (about  a  -lOdB  sidelobe).  In  this 
measurement,  a  conversion  efficiency  greater  than  98%  was  achieved  with 
a  mode  conversion  voltage  (Vmc)  of  4.1  V. 

Figure  5  shows  the  tuning  characteristics  by  applying  a  voltage  to  the 
heater.  By  increasing  the  heater  voltage  (Vh),  the  center  wavelength  of  the 
peak  shifted  towards  the  shorter  wavelengths.  To  obtain  the  10  nm 
wavelength  shift,  we  only  required  a  tuning  voltage  of  6.2  V  and  a  mode 
conversion  voltage  of  only  1.3  V.  In  this  tuning,  no  degradation  of 
bandwidth  was  observed.  In  order  to  keep  the  high  conversion  efficiency, 
Vmc  must  be  changed  in  correspondence  with  Vh. 

Figure  6  shows  the  relationship  between  the  heater  power  and  the 
shift  of  the  center  wavelength,  where  the  vertical  axis  on  the  right  shows 
the  predicted  temperature  of  the  waveguides.  This  graph  shows  that  the 
shift  is  linear  with  the  heater  power  and  that  a  10  nm  shift  is  obtained  with 
the  power  of  430  mW.  Hence,  it  follows  that  tuning  with  a  heater  can 
reduce  the  voltage  by  a  factor  of  about  one  hundred,  compared  with  a 
conventional  FOTF. 

Finally  we  evaluated  the  response  of  tuning.  Figure  7  shows  the  step 
response  of  the  filter  to  the  heater  voltage  square  wave.  The  time  constant 
is  in  the  order  of  10  -  50  ms. 
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4.  Conclusion 

We  demonstrated  a  low-sidelobe,  polarization-independent  thermo- 
optically  tunable  filter.  We  employed  a  withdrawal  electrode  of  40  mm  as 
a  mode  converter  in  which  the  density  of  fingers  was  distributed.  We 
obtained  a  sidelobe  of  less  than  -24  dB  for  a  Gaussian  weighting  function 
and  a  FWHM  of  1  nm  for  both  polarizations.  We  achieved  a  reduction  of 
the  tuning  voltage  by  employing  thermo-optical  tuning  using  a  heater  near 
the  waveguides.  For  a  10  nm  shift,  we  only  required  a  tuning  voltage  of 
6.2  V  (430mW)  and  the  mode  conversion  voltage  of  1.3  V.  This  means 
that  the  tuning  voltage  was  reduced  by  a  factor  of  about  one  hundred, 
compared  with  a  conventional  EOTF. 
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Fig.2.  PBS  structure. 


Fig.3.  Diagram  of  the  withdrawal 
electrode. 
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Fig.6.  Shift  of  center  wavelength 
versus  heater  power. 
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1.  Introduction 

Wavelength  change  due  to  temperature  fluctuations  in  semiconductor  lightwave 
devices  is  a  problem  for  building  high-density  wavelength  division  multiplexed  (WDM) 
fiber  optic  network  systems.  The  wavelength  of  the  laser  diodes  and  the  central  wavelength 
of  the  semiconductor  wavelength  filter  has  a  typical  temperature  dependence  of  1  A/°C 
or  higher.  Thus,  a  temperature  insensitive  lightwave  device  is  required.  However,  the 
study  of  temperature  insensitive  lightwave  devices  has  been  very  limited;  the  only  existing 
one  we  know  of  was  in  the  silica-based  material  field.  In  that  study,  a  polymer  of  which 
the  refractive  index  varies  negatively  with  respect  to  temprature  (i.e.  dn/dT  <  0)  was 
used  to  construct  a  silica-based  temperature  insensitive  waveguide[l].  On  the  other  hand, 
in  the  semiconductor  field,  such  negative  dn/dT  characteristics  are  rare.  Moreover,  it  has 
been  said  that  it  is  impossible  to  build  temperature  insensitive  lightwave  devices  using 
the  InGaAsP/InP  system.  However,  semiconductor  temperature  insensitive  lightwave 
devices  are  attractive  and  suitable  for  the  monolithic  integration  of  active  and  passive 
devices.  To  overcome  the  above  mentioned  problems,  we  propose  a  novel  temperature 
insensitive  optical  filter  (TIOF)  with  InGaAsP/InP  system. 

2.  Design  Principle 

The  fundamental  schematic  structure  of  the  TIOF  is  shown  in  Fig.  1.  The  TIOF 
consists  of  a  Mach-Zehnder  (MZ)  interferometer  with  two  waveguides.  Instead  of 
introducing  a  material  that  has  a  negative  dn/dT  value,  we  use  two  waveguides  with 
different  dn/dT  values:  low  and  high.  The  waveguide  with  low  dn/dT  value  is  used  for 
the  longer  waveguide  and  the  one  with  the  high  dn/dT  value  is  used  for  shorter  waveguide, 
for  a  1 .55-p.m-band  TIOF,  a  InGaAsP(Z^=l  .3  p.m)  core  and  InGaAsP(?i^=l .  1  pm)  core 
were  chosen  for  the  waveguide  with  the  high  and  low  dn/dT  values,  respectively. 
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The  filtering  wavelength  of  a  typical  MZ  filter  is  determined  from  the  difference 
between  the  optical  path  length  distances  of  two  waveguides.  Generally,  as  the  temperature 
increases,  the  refractive  index  of  the  semiconductor  increases.  Thus,  a  red-shift  in  the 
filtering  wavelength  can  be  seen.  In  the  case  of  the  TIOF,  however,  due  to  the  dn/dT 
difference,  this  effect  can  be  canceled  out  under  the  condition  that  is  simply  expressed  by 


ST  ^ 

U+AL 

ST 


(1) 


where,  is  the  equivalent  refractive  index  of  the  each  corresponding  waveguide. 


3.  TIOF  Structure 

The  actual  structure  of  the  proposed  TIOF  and  cross  sections  of  the  waveguides  are 
schematically  shown  in  Figs.  2  and  3,  respectively.  Each  waveguide  has  a  buried-rib 
structure.  To  build  the  Mach-Zehnder  interferometer,  a  pair  of  arc  waveguides  with  the 
same  radius  3.75  mm  is  linearly  shifted  and  connected  to  each  other  at  the  waveguide 
ends  by  two  linear  waveguides.  The  lnGaAsP(\=l  .3  pm)  core  waveguide  with  the  larger 
dn/dT  value  is  introduced  into  the  shorter  waveguide  of  the  TIOF  filter.  To  make  a  junction 
between  the  InGaAsP(Z  =1 .3  pm)  core  and  InGaAsP(Z^=l.l  pm)  core,  the  0.3-pm- 
thick  core  regions  are  butt  jointed.  Then,  a  0.1-pm-thick  intermediate  InP  layer  is  grown 
on  the  core  layer.  The  common  InGaAsP(X^=l .  1  pm)  rib  which  is  0.23-pm-thick  and 
1 .5-pm-width  is  laid  on  the  InP  layer.  A  Cl,  RIE  system  was  used  to  form  the  rib.  Finally, 
the  rib  was  buried  with  a  1 .5-pm-thick  InP  layer.  All  of  the  layers  are  un-doped  epitaxial 
layers  and  were  grown  by  low  pressure  MOCVD.  The  TIOFs  were  then  thinned  and 
AuGe/Au  backwater  metallization  for  bonding  was  carried  out.  After  cleaving  to  set 
single  TIOFs,  samples  were  bonded  to  Si  heatsinks  with  AuSn  for  the  temperature 
dependence  measurement. 

4.  Characterization 

We  measured  transmission  spectra  of  the  TIOF  at  temperatures  from  25  to  45  °C. 
In  the  measurement,  we  used  a  1.55-pm  TE-polarized  tunable  laser.  Typical  measured 
spectra  with  100  GHz  FSR  are  shown  in  Fig.  4  (no  AR  coating). 

The  filtering  wavelength  temperature  dependence  of  a  MZ  filter  and  the  TIOF  are 
shown  in  Fig.  5.  The  measured  MZ  filter  as  a  reference  device  is  a  modified  TIOF  without 
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InGaAsP(?i^=l  .3  |am)  core  region  (i.e.  L’=0).  As  can  be  clearly  seen,  the  conventional 
MZ  filter  has  a  well  known  temperature  dependence  of  1  A/°C  or  higher  with  a  red-shift. 
On  the  other  hand,  in  the  case  of  the  TIOF,  it  is  improved  to  less  than  0. 1  A/°C.  To  our 
knowledge,  this  is  the  first  time  a  lightwave  device  with  less  than  0.1  A/°C  temperature 
dependence  has  been  built  using  InGaAsP/InP  alloy  semiconductor. 

We  also  measured  the  temperature  dependence  of  TIOFs  varying  the  length  of  the 
waveguide  with  InGaAsP(\=l  .3  pm)  core  to  verify  the  TIOF  design  principle.  The  results 
of  this  measurement  are  shown  in  Fig.  6.  The  optimum  length  of  the  waveguide  with  a 
InGaAsP(?i^=l  .3  pm)  core  for  the  TIOF  is  represented  by  “  L’  ”,  and  all  of  the 
InGaAsP(?i^=]  .3  pm)  core  waveguide  length  in  the  modified  TIOFs  are  normalized  by 
“  L’  ”.  By  extending  the  waveguide  length  with  InGaAsP(?l^=l  .3  pm)  core,  the  temperature 
dependence  of  the  filtered  wavelength  were  changed  greatly.  Moreover,  another  TIOF 
with  a  longer  InGaAsP(Z^=l  .3  pm)  core  waveguide  exhibited  an  increasing  rate  of  filtering 
wavelength  shift  for  shorter  wavelengths.  This  blue-shift  phenomena  is  in  good  agreement 
with  the  principle  of  the  TIOF. 

5.  Results 

We  have  demonstrated,  for  the  first  time,  a  temperature  insensitive  wavelength 
filter  with  InGaAsP/lnP  alloy  semiconductor.  The  device  exhibits  temperature  insensitive 

o 

characteristics  of  <  0.1A/°C.  A  blue-shift  temperature  dependence  of  the  filtered 
wavelength  was  also  obtained  in  the  modified  TIOF.  These  two  phenomena  are  in  good 
agreement  with  the  design  principle. 
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Figure  I :  Schematic  of  the  fundamental  TIOF  structure  model 
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Figure  2:  Schematic  structure  of  the  proposed  Figure  3:  Cross  section  of  rib  waveguides  in  the  TIOF 
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Figure  4:  Transmission  spectra  of  the  TIOF 
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An  important  element  in  optical  transmission 
networks  based  on  Wavelength  Division  Multiplex¬ 
ing  (WDM)  is  the  Optical  Add-Drop  Multiplexer 
(OADM).  It  allows  the  selective  dropping  of  one 
or  several  wavelength  channels  (fixed  or  selectable) 
and  the  addition  of  new  signals  at  the  same  wave¬ 
lengths.  To  reduce  cost,  an  integrated  optics  so¬ 
lution  would  be  preferable  to  discrete  components. 
Several  technologies  can  be  used,  including  acousto¬ 
optic  devices  in  LiNbOa  [1],  planar  diffraction  grat¬ 
ings  in  InGaAsP/InP  [2]  or  SiOa/Si  [3],  and  arrayed- 
waveguides,  also  in  InGaAsP/InP  [4]  or  SiOa/Si. 
One  of  the  most  advanced  examples  to  date  is  a  16 
channels  device  in  SiOa/Si  [5]  using  three  arrayed- 
waveguide  grating  demultiplexers  on  the  same  chip 
(80  by  65  mm). 

In  this  paper,  we  present  a  new  device  that  can  re¬ 
alize  the  most  difficult  part  of  an  OADM:  the  drop 
function.  It  is  fabricated  in  InGaAsP/InP,  allowing 
a  smaller  chip  size  (in  our  case  only  3.4  by  1.5  mm) 
than  SiOo/Si  or  LiNbOs.  It  also  allows  the  integra¬ 
tion  of  amplifiers  and  detectors  on-chip.  The  device 
schematic  is  shown  in  Fig.  1:  the  input  light  is  split 
using  a  3  dB  splitter  and  each  branch  passes  through 
a  Multi-Grating  Filter  (MGF)  [6,  7,  8].  The  3-dB 
splitters  are  either  Y-junctions  or  Multi-Mode  Inter¬ 
ference  (MMI)  splitters  [9].  One  branch  is  the  drop 


Figure  2:  Current  injection  opens  a  channel  in  the 
drop  branch  but  closes  it  in  the  through  branch. 


Figure  1:  Schematic  of  the  channel  dropping  device. 


branch  (transmitting  the  wavelength  to  be  dropped) 
and  the  other  the  through  branch  (transmitting  the 
other  wavelengths).  Amplifiers  are  integrated  at  the 
input  and  at  each  output.  Tapers  have  been  added  to 
improve  coupling  between  the  chip  and  the  fibers. 

Each  MGF  consists  of  four  Bragg  gratings  in  se¬ 
ries  in  a  waveguide.  In  the  drop  branch,  each  grating 
center  wavelength  corresponds  to  one  channel  wave¬ 
length,  so  that  all  channels  are  blocked.  The  dropped 
channel  is  selected  by  injecting  current  in  the  cor¬ 
responding  grating,  which  changes  the  effective  in¬ 
dex  and  thus  the  center  wavelength  and  allows  the 
transmission  of  that  channel,  as  shown  in  Fig.  2  (see 
[6,  7,  8]  for  more  details).  In  the  through  branch,  the 
center  wavelengths  of  the  gratings  are  placed  on  the 
long  wavelength  side  of  the  channels,  so  that  all  chan¬ 
nels  pass  through.  To  block  the  dropped  channel,  cur¬ 
rent  is  injected  in  the  corresponding  grating  to  make 
its  center  wavelength  coincide  with  the  channel  wave¬ 
length,  and  thus  reflect  most  of  it  (see  Fig.  2).  The 
channel  positions  are  made  polarization-independent 
by  designing  the  waveguide  to  have  the  same  effective 
index  for  TE  and  TM  [6,  7]. 

The  fabrication  procedure  is  similar  to  the  one  de¬ 
scribed  in  [7],  but  with  some  additions  to  form  the  ta¬ 
pers.  The  devices  are  made  on  a  n-type  InP  substrate 
using  low  pressure  MOVPE  (Metal  Organic  Vapour 
Phase  Epitaxy)  for  all  the  epitaxial  growths.  First  the 
layers  for  the  amplifier  sections  are  grown:  lower  n- 
InP  cladding,  0.6  ^m  n-InGaAsP  (1.1  ^m)  waveguide 
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Drop  branch 

Through  branch 

Dropped 

channel 

Chip 

losses 

On/off 

ratio 

Crosstalk  [dB] 
from  channel 

Worst 

crosstalk 

On  /  off 
ratio 

Chip  losses  [dB] 
in  channel 

[dB] 

[dB] 

1 

2 

3 

4 

[dB] 

[dB] 

1 

2 

3 

4 

1 

8.8 

22.4 

- 

-21.9 

-22.0 

-21.9 

-17.6 

23.1 

- 

10.8 

9.3 

6.9 

2 

8.1 

20.5 

-23.3 

- 

-22.9 

-22.5 

-19.3 

20.4 

7.5 

- 

8.8 

7.3 

3 

8.7 

19.5 

-22.4 

-21.6 

-21.6 

-18.2 

22.5 

7.1 

8.5 

- 

5.6 

4 

8.4 

19.0 

-22.3 

-20.9 

-22.6 

-14.6 

20.1 

8.3 

9.1 

5.5 

- 

Table  2:  Chip  coupled  input  power-  -9.3  dBm  (tunable  laser),  T=  20  ^  C  with  currents  LA=  60  mA,  SA1  = 
SA2=  30  mA  and  30  mA  for  grating  tuning.  The  losses  are  the  estimated  on-chip  losses,  the  through  branch 
crosstalk  is  the  worst  case  channel  crosstalk. 


layer,  50  nm  n-InP,  50  nm  n-InGa.AsP  (1.4  fim)  grat¬ 
ing  layer,  0.1  /im  n-InP,  0.2  /./m  undoped  InGaAsP 
(1.58  fim)  active  layer  and  top  p-InP  cladding.  All  n 
dopings  are  10^^  cm~^  and  the  p  doping  is  6  x  10^^ 
cm“^.  The  regions  outside  the  amplifiers  are  etched 
down  to  the  grating  layer  and  the  gratings  are  formed 
in  the  filters  by  electron-beam  lithography  and  etch¬ 
ing  in  the  grating  layer.  Then  50  nm  n-InP  is  regrown 
over  the  gratings,  followed  by  a  0.5  ^m  undoped  In¬ 
GaAsP  (1.2  fim)  top  waveguide  layer  and  a  top  p- 
InP  cladding  layer.  The  top  waveguide  layer  is  then 
etched  to  form  the  taper  shown  in  Fig,  3  and  Fe- 
doped  InP  is  regrown  to  planarize  the  surface.  The 
0.7  fjm  wide  waveguides,  the  Y-junction  (or  the  45.8 
pm  by  6  pm  MMI)  and  the  tapers  are  then  defined 
by  electron-beam  lithography  and  etched  using  reac¬ 
tive  ion  etching.  The  bend  radiuses  are  all  300  pm 
and  the  waveguides  terminate  about  40  pm  from  the 
facets  to  reduce  reflection  (window  structure).  After 
etching  of  the  top  p  cladding  between  sections  (for 
electrical  isolation),  semi-insulating  (Fe  doped)  InP  is 
selectively  grown  for  current  confinement.  Then  the 
top  p  contact  layers  are  grown  and  metalization  is 
done  (the  resulting  waveguide  cross-section  is  shown 
in  Fig.  3).  Finally  the  contact  layers  are  removed 
between  the  sections  and  a  thick  Fe-doped  InP  layer 
(about  10  pm)  is  grown  over  the  window  regions  to 
avoid  internal  reflection  from  the  top  surface  of  the 
chip.  Each  grating  section  is  400  pm  long,  the  input 
amplifier  (LA)  is  400  pm  long  and  the  output  am¬ 
plifiers  (SAl  and  SA2)  are  200  pm  long.  The  devices 
were  not  anti-reflection  coated  and  were  mounted  and 
bonded  on  a  Si  sub-carrier. 


Channel 


Wavelength 


Transparency  [mA] 


number 

1 

2 

3 

4 


[nm] 

1539.7 

1543.7 

1547.7 

1551.7 


LA 

SAl 

SA2 

10.66 

4.97 

5.03 

10.02 

4,65 

4.75 

9.38 

4.37 

4.47 

8.83 

4.10 

4.22 

Table  1:  Channel  wavelengths  and  amplifier  trans¬ 
parency  currents  at  T—  20  ^  C. 


Using  polarization  maintaining  fiber  tapers  to  cou¬ 
ple  light  in  and  out  of  the  device  and  the  spontaneous 
emission  from  an  ED  FA  as  the  light  source,  we  mea¬ 
sured  bewtween  0.1  and  0.25  nm  difference  in  center 
wavelength  between  TE  and  TM  on  most  of  the  de¬ 
vices.  This,  and  the  gratingsYenter  wavelength  shift 
to  a  shorter  value  than  designed,  is  probably  due  to 
an  over-etching  of  the  waveguide  down  to  a  0.6  pm 
width  [6,  7].  The  channel  wavelengths  are  spaced  by 
4.0  nm  (see  Table  1).  Temperature  sensitivity  of  the 
channel  positions  is  about  0.1  nm/K.  One  of  the  best 
devices  (Y-junction,  with  0.25  nm  TE/TM  shift  but 
low  losses)  was  selected  for  detailed  measurements. 

Chip  to  tapered  fibers  coupling  losses  were  esti¬ 
mated  by  measuring  the  ratio  of  the  spontaneous 
emission  power  from  the  amplifiers  coupled  in  the 
fiber  to  the  total  power  collected  by  a  lens  (NA= 
0.4,  f=  16  mm).  This  gave  us  a  lower  bound  on  the 
losses  of  9.3  dB  for  the  input  (LA),  3.3  dB  for  the 
drop  branch  (SAl)  and  4.2  dB  for  the  through  branch 
(SA2).  Previous  devices  without  taper  structures  on 
the  chip  had  about  15  dB  coupling  loss  per  facet  with 
the  same  fiber  tapers. 

A  tunable  laser  was  used  to  rneasure  the  trans¬ 
parency  currents  of  the  long  (LA)  and  the  short  (SAl 
and  SA2)  amplifiers  at  each  channel  wavelength  (Ta¬ 
ble  1)  by  the  modulation  method.  Then  the  gain 
and  gain  saturation  of  each  amplifier  was  studied  by 
measuring  the  transmission  as  a  function  of  current 
and  input  optical  power  (with  the  other  amplifier  bi¬ 
ased  at  transparency).  The  gain  curves  for  channel 


Figure  3:  Waveguide  and  taper  structure. 
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Figure  4:  Input  amplifier  gain  curves. 

4  (normalized  to  unity  gain  at  transparency)  of  the 
long  (input)  amplifier  (LA)  are  shown  in  Fig.  4  for 
the  polarization  of  maximum  transmission  and  the 
one  of  minimum  transmission,  at  two  coupled  input 
powers  (“1.3  and  -23,3  dBm).  The  maximum  gain 
(above  transparency)  was  about  14  dB  (LA)  and  7.5 
dB  (SAl  and  SA2)  in  the  maximum  gain  polarization 
and  about  12  dB  (LA)  and  6.5  dB  (SAl,  SA2)  in  the 
minimum  gain  polarization.  Gain  saturation  was  neg¬ 
ligible  for  the  output  amplifiers  (within  measurement 
errors)  and  at  most  about  2  dB  in  the  input  amplifier 
(LA)  for  the  powers  we  were  able  to  couple  in  the  chip 
(up  to  -1  dBm  CW  optical  power). 

Table  2  shows  the  worst  case  crosstalk  (for  any  po¬ 
larization  combination)  and  the  estimated  chip  losses 
for  the  drop  and  the  through  branches.  Measurements 
were  made  at  T=  20  with  LA=  60  mA,  SA1=  30 
mA,  SA2—  30  mA  and  grating  currents  of  30  mA. 
The  chip-coupled  laser  input  power  was  about  -9.3 
dBm.  The  polarization  dependence  of  the  losses  was 
typically  between  1  and  3  dB  (due  in  part  to  the  po¬ 
larization  dependence  of  the  amplifiers’gain) 

The  next  step  in  the  device  evaluation  was  to  mea¬ 
sure  the  power  penalty  in  transmission  experiments 
at  2.488  Gb/s  (STM-16)  caused  by  the  crosstalk  and 
the  spontaneous  emission  in  the  chip.  The  signal 
was  always  in  channel  3  and  generated  by  a  tun¬ 
able  DBR  laser  and  an  external  LiNbOs  modulator 
(both  fabricated  at  Ericsson  Components).  The  per¬ 
turbation  in  channel  4  was  generated  by  an  integrated 
DFB/electro-absorption  modulator  device  [10],  mod¬ 
ulated  with  the  same  signal  but  inverted  and  delayed. 
The  two  channels  were  combined  in  3  dB  coupler  and 
boosted  with  an  EDFA.  In  all  the  measurements  the 
two  channels  had  parallel  polarizations  and  were  in¬ 


Figure  5:  Poiuer  penalties  compared  to  hack-to-back, 

jected  in  the  maximum  gain  polarization  state.  (Anal¬ 
ysis  of  previous  measurements  on  single  MGF  [8]  has 
shown  that  the  polarization  effects  were  entirely  due 
to  the  gain  differences  only.)  The  receiver  was  a  com¬ 
mercial  Ericsson  STM- 16  receiver  with  an  APD  detec¬ 
tor  and  a  phase-lock  loop  for  clock  recovery.  Back-to- 
back  sensitivity  at  a  bit-error  rate  (BER)  of  10“^  was 
measured  to  be  -32.9  dBm  (taken  as  reference  for  the 
power  penalties).  The  STM- 16  measurements  were 
all  made  with  2^^  —  1  Pseudo- Random  Bit  Sequences 
(PRBS). 

The  measured  penalties,  at  a  BER  of  10“^,  are 
shown  in  Fig.  5,  as  a  function  of  the  channel  3  chip 
coupled  average  input  power  (estimated  errors  on  the 
penalties:  ±  1  dB).  Both  single  channel  and  two  chan¬ 
nel  operation  are  shown  for  the  drop  and  the  through 
branch.  When  present,  the  perturbation  (channel  4) 
had  3  times  the  power  of  the  signal  (+4.8  dB)  to  sim¬ 
ulate  a  worst  case  four  channels’operation.  In  the 
drop  branch  case,  current  was  injected  in  grating  3  to 
transmit  channel  3  (channel  4  was  measured  to  be  19 
dB  below  channel  3  at  the  output  of  the  drop  branch). 
For  the  through  branch,  current  was  injected  in  grat¬ 
ing  4  to  block  channel  4  (channel  4  was  17.5  dB  below 
channel  3  at  the  output  of  the  through  branch).  The 
measured  range  of  coupled  input  powers  was  limited 
at  the  high  end  to  about  0  dBm  (due  to  the  maxi¬ 
mum  power  out  of  the  EDFA,  about  9  dBm,  and  the 
input  coupling  loss,  about  9.3  dB).  The  low  end  was 
limited  by  the  high  total  fiber-to-fiber  loss  of  about 
22.5  dB,  giving  a  bad  signal-to-noise  ratio  in  the  re¬ 
ceiver.  This  could  be  improved  by  better  hber-to-chip 
coupling.  The  limited  range  of  input  powers  makes 
any  conclusion  difficult.  In  addition,  some  resonances 
(probably  due  to  reflections,  see  [11])  seem  to  be  also 
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Figure  6:  Electrical  BER  curves. 

present.  All  we  can  say  is  that  the  best  results  (about 
2  dB  penalty)  are  close  to  the  best  results  of  the  single 
MGF  [8]. 

Finally,  we  demonstrated  the  possibility  of  using 
the  reverse-biased  output  amplifier  of  the  drop  branch 
(SAl)  as  a  photo-detector  to  get  an  integrated  solu¬ 
tion  and  avoid  additional  coupling  losses  and  the  cost 
of  an  external  photo-detector.  This  is  only  a  demon¬ 
stration  of  principle  since  the  chip  was  not  mounted 
for  high  speed  operation.  Using  a  probe,  we  managed 
to  measure  single  and  double  channel  BER  curves  at 
622  Mbits/s  (STM-4),  with  a  2'^^  -  1  PRBS  sequence 
(longer  sequences  had  problems  due  to  the  electrical 
bandwidth  of  the  system).  Except  for  the  bit  rate 
and  the  PRBS  length,  the  transmitter  was  the  same 
as  for  the  2.488  Gb/s  measurements,  i.e.,  with  chan¬ 
nel  4  (when  present)  having  4.8  dB  more  power  than 
channel  3.  The  electrical  detection  chain  consisted 
of  the  SAl  amplifier  (contacted  by  a  probe),  reverse- 
biased  with  2  Volts  through  a  bias  tee  (160  kHz-40 
GHz).  The  signal  was  then  amplified  by  a  chain  of 
three  amplifiers  (20  dB  gain  each,  20  kHz-2  GHz) 
with  a  variable  attenuator  (11  dB  max)  and  filtered 
by  a  622  Mbits/s  SDH  filter  before  being  fed  into  the 
BER  measurement  system  (and  a  sampling  oscillo¬ 
scope). 

The  measured  BER  curves  as  a  function  of  the  es¬ 
timated  coupled  average  input  power  to  the  chip  are 
shown  in  Fig.  6  for  channel  3  alone  and  for  channel  3 
plus  channel  4.  Bias  currents  were:  LA=  60  mA,  grat¬ 
ing  3  in  both  branches=  30  mA,  T=  20  ^C,  2  Volts 
reverse  bias  on  SAl  (typical  DC  current  50  to  120  //A 
with  light  injected).  We  see  that  the  penalty  due  to 
the  perturbation  was  2.4  dB  at  a  BER  of  10"^.  This 
penalty  is  not  due  to  the  channel  4  light  reaching  the 
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detector  (since  it  is  more  than  17  dB  below  the  signal, 
see  above),  but  to  cross-gain  saturation  in  the  input 
amplifier.  This  was  causing  power  dependent  wave¬ 
form  distortion  in  the  electrical  signal  applied  to  the 
BER  measurement  system  (observed  with  the  sam¬ 
pling  oscilloscope).  The  same  problem  was  observed 
previously  in  single  MGF  devices  [8].  In  addition, 
some  resonances  due  to  reflections  seem  also  to  be 
present.  Exact  interpretation  of  the  measured  BER 
curves  is  difficult  due  to  the  interaction  between  the 
effects  of  electrical  noise,  spontaneous  emission  noise 
(from  LA),  (cross-)gain  saturation  and  reflections. 

Summary:  We  have  fabricated  an  integrated  In- 
GaAsP/InP  device  performing  the  drop  function  of 
an  OADM  node,  around  1550  nm.  The  device  has 
four  polarization-independent  channels  4  nm  apart 
with  electrical  selection  of  the  dropped  channel.  Op¬ 
tical  measurements  at  2.488  Gbits/s  (STM-16)  of  the 
drop  and  through  branches  showed  power  penalties 
(at  BER=  10"^)  down  to  2  dB  for  single  channel  op¬ 
eration  and  a  few  dB  more  for  multi-channel  (due 
to  cross-gain  saturation  in  the  input  amplifier).  We 
also  demonstrated  on-chip  electrical  detection  of  the 
dropped  channel  (by  reverse-biasing  the  output  am¬ 
plifier)  at  622  Mbits/s  (STM-4).  Multi-channel  oper¬ 
ation  showed  a  2.4  dB  power  penalty  (at  BER=  10“®) 
compared  to  single  channel,  again  due  to  cross-gain 
saturation  in  the  input  amplifier. 

This  work  was  supported  in  part  by  the  RACE 
MWTN  (R2028)  project. 
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The  ability  to  add  and  drop  wavelength  channels  in  a  wavelength  division  multiplexed 
(WDM)  network  is  of  great  importance  to  achieve  successful  routing  of  wavelengths  [1]. 
Several  types  of  add/drop  multiplexers  have  been  demonstrated  such  as  those  using  fiber 
grating  filters  and  circulators  [2],  and  those  using  arrayed  waveguide  technology  [3].  The 
function  of  these  add/drop  multiplexers  is  to  provide  optical  selection  (drop)  and  addition 
(add)  of  a  particular  wavelength  channel  without  interference  from  adjacent  channels.  The 
filter  is  a  key  building  block  for  use  in  the  drop  demultiplexer  as  well  as  in  wavelength 
selective  receivers  [4],  A  fast  tuning  semiconductor  filter  may  be  the  best  practical 
solution  since  it  can  combine  the  filter  functionality  with  compactness,  low  cost  and  low 
polarization  dependent  loss.  Additionally,  through  integration  more  functionality  such  as 
amplification  and  detection  can  be  provided  on  a  single  chip.  Here  we  present  a 
semiconductor  amplifier/filter  which  can  be  used  an  element  in  an  add/drop  multiplexer  to 
provide  gain  and  electrical  tunability  over  9.5  nm.  Channel  dropping  and  high  receiver 
sensitivity  is  demonstrated  using  a  circulator  and  the  amplifier/filter  in  a  five  channel 
WDM  system  operating  at  50  Mbits/s. 

The  amplifier/filter  shown  in  Fig.  1  is  designed  to  reduce  polarization  dependence.  The 
filter  is  fabricated  with  lattice  matched  1.42  quaternary  InGaAsP  core  layer  which  has  a 
square  0.7  x  0.7  qm  lateral  cross  section  and  a  first  order  Bragg  section  etched  beneath 
the  1 .42  core  layer.  The  peak  Bragg  wavelengths  for  TE  and  TM  polarization  differ  by 
only  1  Angstrom  [5]  and  the  spectral  width  of  the  filter  response  is  measured  to  be 
approximately  0.9  nm  FWHM.  The  amplifier  is  fabricated  to  reduce  polarization 
dependence  by  growing  strained-layer  multiple  quantum  wells  (MQW)  with  alternating 
tensile  and  compressive  strain 
[6].  The  amplifier  and  filter 
sections  are  400  qm  and  350 
qm  respectively  and  anti¬ 
reflection  coatings  are  applied 
to  each  facet.  The  device  is 
packaged  in  a  standard 
butterfly  package  with  a 
lensed-end  single  mode  fiber 
coupled  only  to  the  output  of 
the  amplifier.  To  cascade  this 
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Fig.  1:  Schematic  diagram  of  amplifier/filter  device. 
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device  for  user  in  an  add/drop  function,  fiber  would  also  be  coupled  to  the  filter  section  to 
recover  the  out  of  band  signals.  The  selected  wavelength  is  reflected  by  the  filter  and 
amplified  twice  in  the  amplifier.  Peak  gain  is  achieved  with  approximately  70  mA  bias  to 
the  amplifier.  Fiber  to-fiber  gain  is  measured  to  be  4.2  dB  for  small  tuning  currents. 

The  performance  of  the  amplifier/filter  was  evaluated  as  the  key  component  in  the  drop 
function  of  an  add/drop  multiplexer.  A  schematic  of  the  experimental  set-up  is  shown  in 
Fig.  2.  where  the  amplifier/filter  is  used  in  conjunction  with  a  circulator  to  perform  the 
drop  function.  Typically  the  add  function  would  follow  the  filter  with  the  add  being 
performed  using  another  circulator  [2].  Here  to  demonstrate  channel  selection,  five 
wavelengths  with  a  channel  spacing  of  1.6  nm  have  been  multiplexed  onto  a  single  fiber 
using  two  sources.  One  source  is  modulated  using  a  pulse  pattern  generator  (PPG)  at  50 
Mbits/s  and  is  the  channel  which  is  demultiplexed  and  tested  for  error  rate.  The  four  other 
wavelengths  are  provide  by  four  channels  of  a  semiconductor  multi-frequency  laser  (MFL) 
[7]  and  are  also  modulated  with  pseudorandom  data  at  50  Mbits/s  to  simulate  interfering 
channels.  By  separating  the  two  signal  sources,  any  crosstalk  associated  with  the  source 
of  optical  interference  can  be  ignored  and  only  the  effects  due  to  incomplete  channel  drop 


Fig.  2:  Schematic  of  experimental  WDM  system  with  tunable  channel  drop. 


can  be  examined.  The  two  signals  are  passively  multiplexed  using  a  3  dB  fiber  coupler.  A 
variable  optical  attenuator  and  optical  power  meter  are  placed  before  the  drop  for  error 
rate  measurements  and  a  broad  10  nm  interference  filter  (IF)  is  placed  in  front  a 
commercial  50  Mbif s  receiver  to  filter  unwanted  amplified  spontaneous  emission  (ASE) 
emitted  by  the  amplifier.  This  filter  is  wide  enough  to  accommodate  selection  of  any  of 
the  five  wavelengths  without  manual  tuning.  The  amplifier/filter  is  a  reflective  filter  and 
the  desired  channel  is  reflected  back  to  the  circulator  and  exits  port  3  where  the  signal  is 
received.  Figure  3  illustrates  the  selection  of  the  channels  by  simple  adjustment  of  the 
current  to  the  tuning  section  of  the  filter.  At  the  input  to  the  amplifier/filter,  the  amplitude 
of  each  channel  is  adjusted  to  within  +/-  1  dB  as  shown  in  Fig.  3a.  Figs.  3b-d  show  the 
selection  of  wavelength  channels  Xu  X2,  and  Xo,  respectively  by  simple  electrical  tuning  of 
the  filter  from  13  mA  to  5  mA.  Unfortunately,  the  two  highest  channels  available  fell  out 
of  the  tuning  range  of  the  filter  because  the  filter  tunes  to  shorter  wavelengths  with 
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increased  tuning  current.  The  filter  is  capable  of  tuning  approximately  8.0  nm  with  50  mA 
and  a  maximum  tuning  range  of  9.5  nm  as  previously  reported  [5].  Each  channel  can  be 
selected  with  at  least  10  dB  rejection  of  the  adjacent  channels.  At  this  bit  rate  this 
crosstalk  should  lead  to  a  negligible  penalty  in  receiver  sensitivity. 

Bit-error-rate  (BER)  was  measured  on  the  center  wavelength  (^3)  to  determine  if  a 
sensitivity  penalty  due  to  optical  crosstalk  caused  by  incomplete  demultiplexing  would  be 
observed.  Fig.  4  shows  the  BER  plotted  as  a  function  of  received  optical  power  as 
measured  at  the  input  to  the  circulator.  For  comparison  a  baseline  receiver  sensitivity 
curve  is  plotted  (A)for  the  case  when  no  interfering  wavelengths  are  transmitted  and  the 
transmission  line  is  connected  directly  to  the  receiver.  At  50  Mbit/s,  this  receiver  has  a 
sensitivity  of  -44.4  dBm  at  a  BER=lxl0'^.  The  data  for  the  drop  demultiplexer  is  shown 
for  two  cases.  One  is  for  all  channels  transmitted  (■)  and  the  other  is  when  only  the  signal 
channel  is  transmitted  (•).  There  is  no  penalty  observed  for  the  demultiplexing  and  the 
receiver  sensitivity  is  -35.7  dBm  at  a  BER=lxl0'^.  The  difference  in  sensitivity  between 
the  receiver  baseline  and  the  dropped  channel  is  mostly  due  to  signal-to-noise  degradation 
caused  by  unfiltered  ASE  from  the  optical  amplifier  coupled  with  a  very  high  sensitivity 
commercial  receiver.  Despite  being  far  from  the  quantum  limit,  this  represents  a 
significant  improvement  over  previously  reported  sensitivities  for  integrated  WDM 
receivers  [4]  where  sensitivity  was  low  due  excessive  optical  losses. 

In  summary,  we  have  demonstrated  penalty  free  wavelength  demultiplexing  at  50  Mbit/s 
using  an  integrated  amplifier/filter.  The  structure  can  be  implemented  as  an  add/drop  filter 
in  reconfigurable  WDM  networks  requiring  fast  wavelength  tuning  and  low  polarization 
dependence. 
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Fig.  3:  Optical  spectrum  measured  at  a)  the  input  to  the 
amplifier/filter,  b)  -d)  at  the  output  of  the  circulator  port  3 
showing  demultiplexing  of  the  first  three  wavelength  channels 
by  electrical  tuning.  Inset  shows  tuning  current  for  each 
wavelength  selection.  Vertical  scale:  5  dB/div,  Horizontal 
scale:  1  nm/div. 


Received  Optical  Power  (dBm) 


Fig.  4:  BER  measurement  of  channel  drop  with  and  without 
adjacent  channels  compared  to  the  baseline  sensitivity  of  the 
commercial  receiver. 
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Introduction 

Add-drop  filters  are  critical  components  for  wavelength-division-multiplexed  optical 
communications  systems.  It  is  of  interest  to  develop  narrow  bandwidth  devices  with  good  isolation  and 
crosstalk  performance  and  minimal  insertion  loss.  A  Mach-Zehnder  interferometer  with  UV-induced 
gratings  is  an  attractive  add-drop  technology.'  Adjacent  channel  isolation  greater  than  20  dB  at  100  GHz 
and  transmitted  isolation  less  than  -20  dB  has  been  demonstrated  in  a  fiber-based  device.^  However,  fiber 
interferometers  suffer  from  sensitivity  to  environmental  changes  due  to  polarization  effects  and  also  require 
UV  trimming  to  account  for  arm  length  differences. 

Planar  waveguide  based  devices  with  a  similar  design  have  been  demonstrated.^  These  are  more 
robust  than  fiber-based  devices  and  can  be  fabricated  with  equal  arm  lengths.  The  grating  length  in  the 
previous  work  was  the  primary  limitation,  resulting  in  grating  spectra  which  were  not  simultaneously 
narrow  and  highly  reflecting.  The  planar  geometry  is  especially  attr^tive  for  these  devices  since  it  easily 
allows  double  filtering  as  was  previously  demonstrated  with  elliptical  Bragg  reflectors.'*  In  this  work,  we 
report  a  double  filtered  Mach-Zehnder  based  add-drop  filter  incorporating  UV-induced  gratings  that  has 
exceptionally  low  sidelobe  levels  and  good  dropped  channel  transmitted  isolation. 

Device  Design  and  Fabrication 

The  device  design  is  shown  schematically  in  Fig.  1.  Although  this  device  is  actually  a  four-port 
device,  our  experimental  design  contains  two  additional  ports  to  use  in  monitoring  grating  growdh  and  to 
allow  for  measurement  of  the  individual  Mach-2^hnder  interferometers,  MZ-A  and  MZ-B.  In  operation  as 
an  add-drop  filter,  the  multichannel  input  enters  through  port  1  and  leaves  through  the  cross  port  5.  The 
dropped  channel  exits  port  6  and  the  added  channel  is  inserted  through  port  4.  The  arms  of  the 
interferometer  are  spaced  by  30  |im  to  allow  simultaneous  grating  exposure  in  both  arms. 
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The  device  is  fabricated  in  PaOs-doped  silica-on-silicon  with  waveguide  dimensions  of  6x6  pm  and 
a  core-cladding  index  difference,  A=0.6%.  The  P-doped  material  system  is  unusual  with  respect  to  its 
photosensitivity  in  that  the  UV-induced  index  change  is  initially  quite  slow  and  therefore  results  in 
improved  index  modulation.*  To  enhance  the  photosensitivity  of  the  P-doped  waveguides  at  longer 
wavelengths,  they  were  loaded  with  2.5  mole-%  deuterium.*  ®  UV  exposure  was  performed  at  210  nm 
using  a  frequency-doubled  dye  laser  pumped  by  an  excimer  laser.  To  the  best  of  our  knowledge,  this  is  the 
first  demonstration  of  photosensitivity  of  P-doped  silica  at  210  nm.  Waveguide  gratings  were  formed  by 
exposing  the  waveguides  through  a  fused  silica  phase  mask  having  surface  relief  gratings  positioned  over 
the  two  interferometer  arm  regions.  The  exposure  beam  was  roughly  Gaussian  with  a  full-width  at  half 
maximum  of  approximately  6  nun.  The  gratings  were  exposed  until  they  reached  a  3  dB  width  of  1.3  nm 
corresponding  to  an  induced  index  change  of  approximately  1.6x10  *.  Following  exposure,  the  sample  was 
annealed  at  120  °C  for  24  hours  to  remove  any  residual  deuterium  and  stabilize  the  induced  index  change. 

Measurements 

The  device  was  characterized  by  butt-coupling  fiber  ribbon  connectors  to  the  waveguides  and 
examining  the  outputs  of  various  ports  using  an  Erbium-doped-fiber  amplified  spontaneous  emission  source 
and  an  optical  spectrum  analyzer  with  0.1  nm  resolution.  The  individual  grating  reflectivity  spectra  were 
measured  independently  by  coupling  into  port  2  and  out  of  port  3  for  MZ-A  and  into  port  4  and  out  of  port 
5  for  MZ-B.  This  type  of  coupling  corresponds  to  adding  a  channel.  These  spectra  are  plotted  normalized 
in  Fig.  2.  The  oscillatory  structure  on  the  short  wavelength  side  of  the  spectra  is  due  to  Fabry-Perot 
effects.* 

The  device  transmission  and  dropped  channel  spectra  were  measured  by  coupling  into  port  1.  The 
spectra  were  normalized  relative  to  transmission  through  a  straight  waveguide  to  eliminate  coupling  losses. 
As  described  above,  the  transmitted  specfrum  appears  in  port  5  and  the  dropped  channel  spectrum  exits 
port  6.  The  measured  spectra  are  plotted  in  Fig.  3.  The  transmitted  spectrum  has  a  3  dB  width  of  1 .4  nm 
and  a  minimum  transmission  of  -25  dB.  This  transmitted  isolation  is  an  improvement  of  10  dB  over 
previous  planar  devices.*  The  feature  appearing  in  the  vicinity  of  1525  nm  is  caused  by  radiation  mode 
coupling.*  The  insertion  loss  of  -1.5  dB  is  a  combined  result  of  non-ideal  3  dB  couplers  on  the 
interferometer,  path  length  differences  introduced  by  different  gratings  in  the  interferometer  arms,  and 
UV-induced  loss.  The  dropped  channel  spectrum  has  a  3  dB  width  of  1  nm  which  is  significantly  narrower 
than  the  individual  Mach-Zehnder  grating  widths  of  1.4  nm  in  Fig.  2.  This  narrowing  is  caused  by  small 
differences  in  shape  and  position  of  the  two  spectra.  The  insertion  loss  of  -4  dB  is  caused  by  the  same 
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factors  as  for  the  transmitted  signal  and  is  not  due  to  low  reflectivity  gratings.  The  double  filtering  is 
clearly  demonstrated  by  the  extremely  low  sidelobe  levels  of  -40  dB  within  200  GHz  of  the  peak.  As 
expected,  this  level  is  two  times  lower  than  the  single  device  sidelobe  levels  in  Fig.  2. 

Because  of  its  reduced  sidelobe  levels  and  improved  dropped  channel  transmitted  isolation,  this 
device  represents  significant  progress  in  Mach-Zehnder  based  add-drop  filters.  Further  optimization  in 
coupler  design  and  grating  fabrication  will  result  in  additional  performance  enhancements.  The  planar 
waveguide  geometry  provides  an  inherently  stable  interferometer  that  is  relatively  simple  to  fabricate  using 
established  processing  techniques.  This  work  demonstrates  that  a  small  wafer  area  can  yield  a  high  quality 
device  and  suggests  that  silica-based  planar  waveguide  devices  are  a  low-cost  and  viable  add-drop 
technology. 
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MZ-B 


Figure  1.  Schematic  illustration  of  a  double  filtered  add-drop  device  using 
Mach-Zehnder  interferometers  with  UV-induced  Bragg  gratings. 


Figure  2.  Added  channel  spectrum  for  MZ-A  and  MZ-B  showing  single 
Mach-Zehnder  performance  of  less  than  -20  dB  sidelobe  levels. 


Figure  3.  Spectral  output  of  dropped  channel  (port  6)  and  transmitted 
channels  (port  5)  for  input  at  port  1 .  A  transmitted  isolation  of -25  dB  and 
sidelobe  level  of  -40  dB  are  achieved  for  a  1  nm  dropped  channel  3  dB  width. 


Transmitted  Output  (dB) 
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The  limitations  of  wide-angle  BPM  in  non-uniform  systems 
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This  paper  proposes  a  reformulation  for  the  BPM  which  allows  to  partly  remedy  the  deficiencies 
of  the  classical  theory  and  to  understand  its  basic  limitations  for  wide  angle  propagation.  Only  scalar 
fields  in  lossless  systems  are  considered. 

Deficiencies  of  classical  BPM 

Instead  of  solving  the  full  Helmholtz  equation  :::=  0,  with  the 

classical  wide-angle  BPM  attempts  at  solving  —  -2HT>.  In  the  case  of  non-uniform  systems,  H 
depends  on  2:  and  it  is  obvious  that  BPM  fields  are  not  exact  solutions  of  the  full  Helmholtz  equation. 
A  related  effect  is  far  more  annoying:  since  H  is  generally  replaced  with  an  Hermitian  approximation, 
the  squared  I?  norm  <  is  automatically  constant,  which  is  not  compatible  with  the  conservation 

of  the  carried  power,  namely  SRe  For  instance,  in  the  case  of  adiabatic  propagation  of  a 

mode  in  a  bent  waveguide,  <  |^|^  >  should  vary  as  1/  cos^  where  6  is  the  tilting  angle  of  the  local 
guide  axis. 

Converging  properties  of  classical  BPM  are  puzzling.  Decreasing  the  sampling  step  Sx  or  the 
integration  step  Sz  does  not  systematically  improve  the  computation,  and  different  behaviours  are 
observed  which  mainly  depend  on  the  guidance.  In  strong  guidance,  the  accuracy  is  not  improved 
when  the  non-paraxiaiity  order  is  increased  in  the  computation. 

Reformulation 

The  first  stage  consists  in  splitting  the  field  into  two  parts  and  such  that 

+  (1) 
dz^  -  (2) 

and  can  be  identified  with  exact  forward  and  backward  propagating  waves  only  in  the  case  of 
2:-uniform  systems.  Then  the  Helmholtz  equation  can  be  replaced  with  two  coupled  equations  for 
and  ^5: 


(3) 

(4) 
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If  $(,  is  neglected  at  this  stage,  we  exactly  recover  the  classical  BPM  formalism,  including  the  norm 
paradox.  This  can  be  circumvented  by  introducing  new  unknown  fields 

(5) 

and  similarly  •<&(,.  The  interest  of  these  new  fields  is  that,  whenever  H  can  be  considered 

Hermitian,  the  carried  power  takes  the  form 

P=<|^aP>  -  <l^6p>  •  (6) 

The  propagation  equation  then  becomes 

+  q'^6  (7) 

+  P'^6  +  q-^a  ,  (8) 

where  p  and  q  are  corrective  operators.  If  we  neglect  the  ^Tackward  part  together  with  the 
corrective  operator  p,  again  we  recover  the  BPM  equation  for  the  new  field  but  the  conservation 
of  norm  is  now  in  complete  agreement  with  the  power  conservation. 

This  means  that  classical  BPM  can  be  run  provided  that  the  physical  input  field  ^  is  replaced  by 
the  corresponding  ^  through  the  action  of  and,  conversely,  that  the  output  field  ^  is  converted 

into  a  physical  Evaluating  for  wide  angle  operation  is  not  easy,  but  this  can  be  skipped 

whenever  input  and  output  fields  are  normal  modes  of  waveguides  parallel  to  z-axis  (<^  and  ^  then 
are  proportional). 

BPM  validity 

As  a  by-product  of  this  approach,  we  can  check  the  basic  assumption  of  BPM,  namely  that  ‘‘backward 
propagating”  fields  must  be  negligible.  Indeed  Eqs.(l-2)  can  be  exactly  solved  in  problems  where 
the  field  $  is  known  analytically;  for  instance  one  gets  2$6  =  'I'  -  iH“^  dz^.  We  applied  this 
process  to  the  case  of  a  tilted  slab  waveguide  and  we  obtained  the  following  results  for  the  ratio 


Tilt  angle 

10° 

20° 

o 

O 

CO 

o 

O 

Z^=0.01 

0.000 

0.001 

0.001 

0.003 

zl=0.10 

0.005 

0.007 

0.038 

0.055 

This  table  gives  the  order  of  the  best  error  that  we  can  expect  with  BPM.  Of  course,  we  get  these 
numbers  with  an  exact  form  for  H,  i.e.  derived  from  an  expansion  in  terms  of  exact  local  normal 
modes: 

=  <$0,><^,(x),  (9) 

i 

where  the  <j)j  are  the  eigenvectors  of  -h  at  z.  The  derivation  of  local  normal  modes  also 

allows  us  to  evaluate  the  importance  of  local  evanescent  modes  in  the  field,  through  the  compu¬ 
tation  of  the  projection  ^a,ev  of  over  the  set  of  local  evanescent  modes,  and  the  tabulation  of 
p  =  {<\^a,ev[^>  /  We  got  the  following  values: 
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Tilt  angle 

10° 

o 

O 

30° 

o 

O 

zi=o.oi 

0.000 

0.001 

0.001 

0.003 

zi=0.10 

0.003 

0.004 

0.037 

0.051 

A  significant  occurrence  of  local  evanescent  modes  means  a  lot  of  troubles  in  BPM.  The  propagation 
matrix  H  can  no  longer  be  considered  Hermitian,  so  that  <  \^af  >  is  no  longer  the  carried  power; 
also  such  an  occurrence  implies  a  noticeable  excitation  of  local  modes  near  cutoff,  that  most  practical 
wide-angle  approximations  of  H  are  unable  to  deal  with.  Lastly,  a  part  of  the  carried  power  by 
the  complete  <l>  must  correspond  to  these  local  evanescent  modes,  which  requires  the  occurrence  of 
backward  propagating  evanescent  modes  — hence  a  significant  opposite  to  the  basic  assumption 
for  BPM.  So,  the  two  tables  are  strongly  correlated  and  they  lead  to  the  same  conclusions:  highly 
accurate  calculations  should  be  possible  in  weakly  guiding  systems,  even  for  large  tilt  angles  40°), 
but  not  in  strongly  guiding  systems. 

Empirical  confirmation 

The  last  part  of  the  work  is  an  empirical  investigation  through  various  computations  on  tilted  slab 
waveguides  and  comparisons  with  exact  analytical  fields.  Several  forms  were  used  for  H  and 
either  exact  modal  forms  or  various  Pade  approximations,  with  orders  up  to  10  in  non-paraxiality  and 
up  to  4  in  ^2:  [1,2].  The  main  conclusions  can  be  summarized  as  follows: 

o  In  weak  guidance  (A;<0.01),  the  convergence  irregularities  are  smoothed  out  by  the  new  theory 
and  very  accurate  results  (error  <  1%  for  fields)  can  be  obtained  by  using  small  enough  6x  and 
6z,  even  for  a  tilt  angle  of  45°,  provided  that  one  uses  a  sufficiently  non-paraxial  approximation 
of  H;  also,  ^z'^-accurate  propagators  are  very  efficient  and  allow  to  use  larger  5z. 

•  In  strong  guidance  (A  ^  0.1),  the  accuracy  is  basically  limited.  The  new  theory  brings  a  slight 
improvement  only  for  low  tilt  angles  {0  <  20-30°).  Also  it  restores  the  logic  that  approximate  H 
with  higher  order  in  non-paraxiality  lead  to  better  results,  though  with  little  effect  beyond  the 
2nd-order.  On  the  other  hand,  since  one  cannot  expect  a  high  accuracy,  one  can  use  relatively 
large  6x  and  6z. 

Another  important  point  was  to  check  whether  the  corrective  term  p  in  Eqs.(7-8)  is  really  negligible. 
We  found  that  either  it  has  no  effect  (weak  guidance)  or  it  has  little  importance  in  front  of  other  basic 
limitations  (strong  guidance). 
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Abstract 

In  this  article,  a  3D  vectorial  wide  angle  BPM  is  presented.  By  using  an  uncon¬ 
ditionally  stable  Crank-Nicholson  discretisation  scheme  in  .z-direction,  a  large,  sparse 
linear  equation  system  has  to  be  solved  for  each  propagation  step  .  This  can  efficently 
be  done  by  using  a  multi-grid  equation  solver.  The  application  of  the  method  is  also 
shown. 


Introduction 

Integrated  optical  waveguide  devices  are  key  components  for  applications  ranging  from 
high  bandwidth  communication  systems  to  optical  sensing.  The  design  of  waveguide  com¬ 
ponents  such  as  directional  couplers,  wavelength  selective  couplers,  or  different  types  of 
phase  and  absorption  modulators  requires  reliable  numerical  methods.  Besides  the  modal 
analysis  of  waveguides  [1],  the  computation  of  the  propagating  field  is  a  powerful  and 
popular  approach  (e.  g.  [2,  3]). 


Theory 


In  our  simulations,  the  transverse  magnetic  field  is  used  because  of  its  continuity  even  at 
dielectric  boundaries.  In  a  homogeneous  region,  the  Helmholtz  equations 

=  0  (1) 
V^Hy  +  n^k'^Hy  =  0  .  (2) 


arc  valid.  In  the  slowly  varying  envelope  approximation,  a  plane  wave  in  ^-direction 
ex.-p{-jknt,z)  is  split  off  from  the  equations  (1)  and  (2); 


dz^ 


—  2jknb 


d'i’x 

dz 


+ 


dz^ 

Equations  (3)  and  (4) 


+  (^  +  -  nl)k^^  T,  -  0 

can  be  combined  to  the  operator  equation 


A 

dz 


2kni)  dz  J 


'L  =  -—A'i’ 

krii) 


(3) 

(4) 

(5) 


T-c  and  '^y  are  coupled  by  the  operator  A  at  dielectric  boundaries.  Details  for  the  trans¬ 
verse  discretisation  can  be  found  in  [1].  Transparent  boundary  condition  are  used  in  all 
simulations  [4]. 
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By  applying  a  standard  Crank-Nicholson  discretisation  scheme  in  z-direction  and  using  a 
Pade-(l,l)-recursion  [5]  to  account  for  the  second  derivative,  the  following  equation  system 
is  obtained  for  the  n-th  propagation  step: 


1  + 


+ 


1  j{l-a)Az 


{2knbf 


2knij 


A  (6) 


By  summing  up  the  left  and  right  sides  in  (6),  the  linear  equation  system 


Lu  =  f 


(7) 


is  obtained.  For  each  popagation  step,  eq.  (7)  has  to  be  solved.  Since  the  sparse  coefficient 
matrix  L  is  unsymmetrical,  standard  equation  solvers  like  Jacobi,  Gauss-Seidel,  SOR,  or  a 
CG-method  are  not  applicable,  because  they  demand  a  positiv  definite  coefficient  matrix. 
Equation  solvers  like  BiCG-Stab  or  GMRES  converge  too  slowly  for  matrices  of  a  rank 
larger  than,  about  5000.  Therefore  a  powerful  multi-grid  method  has  to  be  utilized  to 
solve  equation  (7).  With  this  algorithm,  costs  depend  only  linearly  (0(n))  on  the  number 
of  unknows  [6]. 

In  Fig.  1  a  multi-grid  iteration  is  sketched.  A  semi-iterative  approach  [6,  page  243]  is  used 
as  smoothing  iteration.  Special  attention  has  to  be  paid  to  the  prolongation  and  restriction. 
For  convergence,  the  order  of  the  interpolating  scheme  has  to  be  larger  than  two  times  the 
order  of  the  differential  operator  [6,  page  149].  On  the  nonuniform  grid,  we  use  bicubic 
Newton  interpolation  polynoms  [7]  for  the  prolongation.  The  restriction  is  formulated 
as  the  adjoint  operation  of  the  prolongation.  The  equation  system  on  the  coarsest  grid 
is  solved  by  BiCG  method.  For  solving  equation  (7),  typically  20  to  40  vector  matrix 
multiplications  are  needed  on  the  finest  grid,  mainly  depending  on  the  largest  refractive 
index  step. 


Results 

As  a  first  example,  transparent  boundary  conditions  are  tested.  Homogeneous  material 
is  excited  with  a  Gaussian  intensity  distribution  with  a  phase  tilt  of  12.5  degrees  to  the 
propagation  direction  (see  Fig.  2).  After  35  //m,  the  field  leaves  the  computational  window, 
which  is  shown  in  Fig.  3.  No  reflections  can  be  seen  in  the  resolution  of  the  picture.  In  this 
example,  only  20  vector  matrix  multiplications  are  needed  on  the  finest  grid  for  solving 
the  equation  system  (7)  with  a  defect  lower  10”^^. 

In  the  second  example,  a  3dB  coupler  is  considered.  The  structure  is  sketched  in  Fig.  4. 
For  the  input  waveguide,  the  fundamental  HE-mode  is  calculated  [1].  The  absolute  value 
is  given  in  Fig.  5,  which  represents  the  excitation  of  the  three  coupled  waveguides.  After 
620  /im,  the  power  is  nearly  split  equally  between  both  output  ports.  The  structure 
is  sampled  with  93  points  in  x-direction  and  83  points  in  y-direction  on  a  nonuniform 
grid.  Here,  40  vector  matrix  multiplications  are  needed  on  the  finest  grid  to  perform  one 
propagation  step. 


Conclusion 

In  this  article,  an  efficient  3D  vectorial  wide  angle  BPM  is  presented.  By  applying  a  Crank- 
Nicholson  discretization  scheme  in  z-direction,  an  unconditionally  stable  formulation  is 
used.  For  each  propagation  step,  a  large  sparse  equation  system  has  to  be  solved.  This  is 
done  by  a  multi-grid  equation  solver.  For  this  algorithm,  the  cost  depends  only  linearly 
on  the  number  of  unknowns.  Application  of  the  method  is  shown. 
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Fig.  1:  Multi-grid  iteration  step  with  S:  smoothing- 
iteration,  r:  restriction,  p:  prolongation,  C:  con¬ 
ventional  equation  solver 


Fig.  2:  Absolute  value  of  Hx  at  z  =  0  p.m 
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Fig.  3:  Absolute  value  of  Hx  z  =  35  /im 
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1  Introduction 

The  beam- propagation  method  (BPM)  has  successfully  been  used  to  analyze  various 
optical  waveguides.  Since  the  conventional  paraxial  approximation  restricts  the  appli¬ 
cation,  several  techniques  have  been  proposed  to  treat  wide-angle  beam  propagation 
[l]-[7].  Of  them  a  so-called  multistep  method  [4]  in  which  the  Fade  approximant  op¬ 
erator  is  factored  into  a  series  of  simpler  Fade  (1,1)  operators  has  an  advantage  that 
it  allows  paraxiallike  solution  techniques,  such  as  the  Thomas  algorithm.  The  previous 
formulation  is,  however,  based  on  the  Crank-Nicholson  (CN)  scheme  with  a  truncation 
error  of  0{Ax)'^  in  the  transverse  direction. 

Recently  we  developed  an  improved  BPM  based  on  the  generalized  Douglas  (GD) 
scheme  for  variable  coefficients  [8],  and  studied  the  possibility  of  applying  GD  scheme  to 
a  wide-angle  beam  propagation  analysis  [9].  The  GD  scheme  ensures  a  truncation  error 
of  0{Axy  with  substantial  improvement  in  accuracy. 

The  purpose  of  this  paper  is  to  apply  the  GD  scheme  to  the  multistep  method 
for  wide-angle  beam  propagation,  and  to  demonstrate  the  effectiveness  of  the  present 
method.  The  propagation  of  TEi  mode  in  a  tilted  step-index  waveguide  [10]  is  analyzed 
to  assess  the  numerical  accuracy. 

2  Formulation 

The  method  begins  with  the  scalar  propagation  equation  obtained  using  a  Fade  (n,n) 
approximation  of  the  Helmholtz  operator.  Then,  an  Vth-order  Fade  propagator  may  be 
decomposed  into  an  V-step  algorithm  for  which  the  kth.  partial  step  takes  the  form  [4] 

T^m+kjN  1  ~b  ^kP  ^rn+(k—'l)IN  QN 

~  l  +  alP 

in  which  P  =  jdx"^  4-  n,  where  v  =  kl[n^[x^  z)  —  n^].  ko  is  the  free  space  wavenumber, 
n{x,z)  is  the  index  profile,  and  Uq  is  the  reference  refractive  index.  The  superscript  m 
indicates  position  along  the  z  axis.  The  a’s  can  be  determined  by  the  one-time  solution 
of  an  Vth-order  complex  algebraic  equation. 

Eq.(l)  can  be  restored  to  the  following  differential  equation 

dE  _  2jIm{ak}P  ^ 
dz  (1  +  Re{ak}P)Az/N 


(2) 
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We  apply  the  GD  scheme  to  Eq.(2).  Following  the  procedure  described  in  Ref.[9],  we 
finally  obtain 


^m+Zc/N  ,  ^m+Zj/AT  jpm-\-klN 

^z'+l  A'  +^1-1  A-1 

^m+(Zc-l)/7V  |nm+(Z:- 1)/A/’  ^m+(Z:-l)/iV  i;i7n+(Zj--l)/iV  ^m+(Z:-l)/Ar  7j,m+(Z:-l)/iV 

“T  +^2-1  A-1 


where 


^z±l 


+ ^-'.±1 


^m  +  {k-l)/N 


in  which 


a 


* 

Zj: 


for  m  +  {k  —  l)/N 
for  m  +  kjN 


Eq.(3)  can  be  solved  by  efficient  techniques  such  as  the  Thomas  algorithm,  so  that 
the  computational  time  is  almost  identical  to  that  in  the  conventional  method  based  on 
the  CN  scheme.  A  transparent  boundary  condition  [11]  can  easily  be  incorporated. 


3  Numerical  results 

We  consider  a  tilted  step-index  waveguide  shown  in  Fig.l.  The  core  width  is  designated 
as  2D,  and  the  refractive  indices  of  the  core  and  cladding  are  chosen  to  be  Nco  =  1-002 
and  Ncl  =  1-000,  respectively.  A  wavelength  of  A  =  1  is  used.  The  reference 
refractive  index  is  chosen  to  be  that  in  the  cladding.  To  assess  the  accuracy,  we  cal¬ 
culate  the  coupling  efficiency  at  a  propagation  distance  of  100  [im.  In  the  case  of  no 
calculation  error,  the  guided-mode  field  continues  to  propagate  without  any  distortion, 
so  that  the  efficiency  becomes  unity.  The  numerical  parameters  to  be  used  are  as  fol¬ 
lows.  The  propagation  step  length  is  As:  =  0.1  //m,  the  transverse  sampling  width  is 
Ax  =  Z)/(84cos^)  =  D'/Si,  and  the  number  of  transverse  sampling  points  is  1800. 

Fig. 2  shows  the  coupling  efficiency  for  TEi  mode  as  a  function  of  tilt  angle  0.  The 
core  width  is  taken  to  be  2D  =  15.092  fxm,  so  that  the  normalized  frequency  is  F  =  3.0. 
Figs. 2(a)  and  (b)  are  the  cases  for  the  GD  and  CN  schemes,  respectively.  It  is  clearly 
seen  that  the  increase  in  the  number  of  steps  leads  to  the  improvement  in  accuracy.  It 
is  worth  mentioning  that  the  GD  scheme  achieves  higher  accuracy  than  the  CN  scheme 
in  spite  of  the  same  discretization  mesh. 

To  clarify  the  reason  why  the  GD  scheme  improves  the  coupling  efficiency,  we  illus¬ 
trate  the  propagating  field  obtained  using  the  three-step  method  in  Fig. 3.  The  tilt  angle 
is  taken  to  be  0  =  40“.  The  field  obtained  by  the  GD  scheme  propagates  with  the  mode 
profile  being  maintained,  while  that  by  the  CN  scheme  not  only  deforms  but  also  shifts 
toward  the  —x  direction. 

As  a  further  test  on  the  accuracy,  we  calculate  the  phase  error  accumulated  as  the  field 
propagates.  The  phase  is  evaluated  using  the  maximum  field  at  a  propagation  distance 
of  100  jim.  The  results  as  a  function  of  the  number  of  steps  are  shown  in  Fig. 4.  The  tilt 
angle  is  40  degrees.  In  this  Figure,  0-step  corresponds  to  the  paraxial  approximation. 
We  can  again  find  that  the  accuracy  improves  as  the  number  of  steps  is  increased,  and 
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the  GD  scheme  achieves  higher  accuracy  than  the  CN  scheme.  For  example,  the  error  is 
evaluated  to  be  —0.7%  for  the  three-step  method  with  the  GD  scheme,  while  that  with 
the  CN  scheme  is  at  best  —6.9%. 

It  is  known  that  a  wide-angle  scheme  has  an  advantage  that  the  numerical  results 
are  not  sensitive  to  the  choice  of  the  reference  refractive  index  Uq.  To  confirm  this  fact, 
we  also  evaluate  the  reference-index  dependence  of  the  coupling  efficiency  and  the  phase 
error  using  the  GD  scheme.  Calculations  are  made  for  d  =  40°  at  a  propagation  distance 
of  100  fim.  Figs.5  and  6  clearly  show  that  the  present  results  are  almost  independent  of 
no,  while  the  scheme  on  the  basis  of  the  paraxial  approximation  yields  relatively  good 
results  only  when  no  is  chosen  to  be  /3cos6/ko,  where  /?  is  the  propagation  constant  of 
the  eigenrnode  of  the  waveguide.  In  other  words,  a  wide-angle  scheme  has  an  advantage 
that  the  problem  involving  radiation  modes  can  be  treated  more  accurately  than  that 
based  on  the  paraxial  approximation. 

4  Conclusion 

The  generalized  Douglas  scheme  for  variable  coefficients  has  been  applied  to  a  multistep 
method  for  wide-angle  beam  propagation.  The  coupling  efficiency  and  the  phase  error 
in  a  tilted  step- index  waveguide  are  evaluated  to  assess  the  numerical  accuracy.  The 
present  method  offers  further  improvement  in  the  analysis  of  wide-angle  beam  propa¬ 
gation  compared  with  the  conventional  approach,  while  maintaining  almost  the  same 
computational  efficiency. 
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Fig. 2  Coupling  efficiency  for  TEi  mode  as  a  function  of  tilt  angle  6: 
(a)  generalized  Douglas  scheme  and  (b)  Crank-Nicliolson  scheme. 


Fig. 3  Propagating  field  distributions  for 
TEi  mode. 


Fig. 4  Plia.se  error  for  TE^  mode  observed 
at  a  propagation  distance  of  100  iim. 
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Fig. 5  Coupling  efficiency  as  a  function  of 
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Introduction 

The  applications  and  systems  specifications  for  photonic  integrated  circuits  (PIC’s)  continue 
to  grow.  This  places  an  increasing  demand  on  the  complexity  and  compactness  of  such 
circuits  and  necessitates  the  accurate  analysis  of  curved,  intersecting,  branching  and  coupled 
guided  wave  structures  and  waveguide  directional  changes  incorporating  miiTors.  To  enable 
study  of  such  configurations  ’wide  angle’  beam  propagation  methods  (BPM)  have  been 
introduced  [1-6]  but  these  become  less  accurate  as  the  angle  the  waveguide  makes  to  the 
propagation  direction  specified  in  the  simulation  increases.  In  this  paper  we  introduce  an 
oblique  coordinate  transformation  which  extends  the  range  of  structures  which  can  be 
accurately  modelled  within  BPM  and  show  that  the  transformation  provides  the  following 
important  advantages  when  applying  BPM  in  the  design  of  general  photonic  integrated  circuits 
incorporating  angled  waveguide  sections: 

•  An  extra  degree  of  freedom  within  configuration  and  method. 

•  Treatment  of  tilted  waveguides  with  any  tilt  angle  without  staircase  approximation. 

•  Matching  of  the  propagation  direction  of  each  waveguide  section  to  the  propagation 
direction  of  the  model.  This  is  in  contrast  to  all  standard  BPM  algorithms  where  the  resulting 
phase  shift  BsinGAx  can  vary  rapidly  in  the  transverse  direction,  leading  to  significant  errors 
unless  a  fine  discretisation  is  used.  Consequently  the  present  method  achieves  equivalent 
accuracy  for  a  much  coarser  mesh  size  giving  considerable  run-time  and  memory  advantages. 

•  A  coordinate  system  which  moves  with  the  waveguide.  This  aids  the  implementation  of 
transparent  boundary  conditions  [7]  and  inherently  allows  the  waveguide  to  be  maintained  in 
the  centre  of  the  problem  workspace. 

•  The  basic  concept  readily  extends  to  other  non-orthogonal  systems  and  other  propagation 
algorithms,  including  three  dimensions,  and  is  not  restricted  by  conti-ast  in  permittivity. 
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Application  of  Non-Standard  Coordinates  to  Wide  Angle  Beam  Propagation. 

We  illustrate  the  method  using  a  two  dimensional,  scalar  wide-angle  FD  propagation 
algorithm  [1-5].  Consider  propagation  in  a  z'  direction  at  angle  0  to  the  z  axis  (inset  Fig  1(a)). 
Use  a  rotated  coordinate  system  z'=  xsinO  -f-  z  cos  0,  x'=  -zsin0  -i-  x  cos  0.  Then  introduce  an 
oblique  coordinate  system  (u,y,w),  where  u  =  x'  sec  0  =  x  -  z  tan0  and  w  =  z,  and  a  solution 
of  the  forni  E  =  F^(x',z')  exp(-j  kb  z)  =  F  (u,w)  exp  [-j  kb(w  sec  0  +  u  sin  0)]  to  the  scalai' 
wave  equation  where  kb  =  k,,  n  with  k„  the  free  space  wave  vector  and  n  is  a  reference 
refractive  index.  We  obtain  after  some  manipulation: 


2jk^cosQ 


^ 

dw 


=  sec^0 


du^ 


-2 tan6 


d^F 

dudw 


+  {k^-kl)F 


(1) 


Approximating  for  d^F/dw^  following  the  approach  and  notation  of  [4]  we  find: 


2jkiposQ  (L^  +  (2k:hCOse)  M  )  ^  =  L  M  F 

ow 


(2) 


where  L  is  the  lineai'  operator: 

LF=  F-  JtanQ  dF 
ir^jCOsB  du 


(3) 


and  M  is  the  linear  operator: 

MF=  sec^Q^^+{k^-kb  F 
du^  * 


(4) 


To  obtain  a  tridiagonal  implementation  of  equation  (2)  using  the  Crank  Nicolson  scheme 
divide  (2)  by  L  then  take  to  be  1  in  the  small  term  (2kbCos0)'^  M,  giving 

2jic^cose  [L+  (2ic^cose)  -2]  |^=MP  (5) 


Equation  (5)  reduces  to  those  of  [1,4]  for  0=0  and  its  implementation  requires  minimal 
additional  computational  effort.  The  coordinate  system  can  readily  be  vaiied  locally  when 
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studying  piecewise  constant  problems. 

Applcations 

We  illusti-ate  the  utility  of  our  new  method  using  illustrative  applications. 

In  the  first  of  these  the  diffraction  of  a  focused  Gaussian  beam  of  wavelength  0.633pm  and 
initial  spot  size  1pm  travelling  at  an  angle  of  45°  in  a  homogeneous  region  of  refractive  index 
1.5  is  studied.  Figure  1(a)  shows  that  the  beam  profile  calculated  with  the  present  method 
after  a  propagation  distance  of  30  pm  agrees  perfectly  with  the  analytical  solution  obtained 
by  Fourier  ti'ansformation.  The  present  results  were  obtained  using  a  relatively  course  mesh 
size  (0.025  pm  in  the  u  direction  and  0.05pm  in  the  w  direction)and  only  500  FD  points  in 
the  u  direction.  Figure  1(b)  shows  that  results  from  a  standai’d  wide-angled  BPM  algorithm 
and  classical  FDBPM  agree  substantially  less  well  with  the  exact  solution  than  those  results 
from  the  present  method.  We  find  our  method  provides  similai'  improvements  in  perfonnance 
for  the  ti-eatment  of  propagation  in  tilted  waveguides. 

In  the  second  example  we  study  the  practical  OEIC  example  of  the  transmission  coefficient 
of  a  symmetric  Y-junction.  Using  non-orthogonal  coordinates  this  is  handled  without  staircase 
approximation.  Figure  2  shows  the  vaiiation  in  the  proportion  of  power  remaining  in  the 
fundamental  modes  of  the  output  guides  after  traversing  the  Y-junction  whose  half  cross- 
section  is  shown  in  the  inset  to  the  figure.  The  solid  cuiwe  shows  results  from  the  present 
method,  the  dashed  one  from  a  conventional  paraxial  BPM.  We  attribute  the  discrepancy 
between  the  two  curves  to  a  combination  of  the  staircase  and  paraxial  approximations  in  the 
paraxial  BPM  calculations. 
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Figure  1(a)  Output  beam  profile  of  angled  Gaussian  beam,  solid  line  exact  solution  dashed 
line  present  propagation  method.  Inset:  Definition  of  coordinate  systems,  (b)  Comparison  of 

input  field  (solid  line)  and  output  field  distribution  calculated  using  standard  FDBPM  ( - ), 

standard  wide  angled  BPM  ( - )  and  present  method  ( - ) 


Figure  2.  The  proportion  of  the  power  remaining  in  the  output  waveguides  after  traversing  a 
symmetric  Y  junction  whose  half  section  is  shown  in  the  inset.  w=lpm  X.=1.15  pm 
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1.  INTRODUCTION 

An  important  challenge  in  computer-aided  design  and  simulation  of  advanced  waveguiding 
circuits  is  to  perform  efficient  calculations  of  arbitrarily  shaped,  wide-angled  structures  using 
effective  computational  numerical  schemes.  The  finite-difference  beam  propagation  method  using 
the  paraxial  approximation*  has  been  applied  successfully  to  treat  photonics  integrated  circuits 
with  shallow  angles.  Recent  extension  of  this  technique  based  on  the  Fade  approximants^’^  of 
the  square  root  operator  in  the  scalar  one-way  wave  equation,  specifically  the  multistep  method 
of  implementation  by  Hadley'*  have  made  wide-angle  propagation  possible  with  a  significant 
improvement  in  accuracy.  To  derive  the  full  benefit  of  this  technique  requires  a  thorough 
understanding  of  its  limitations.  We  previously^  derived  analytic  expressions  which  measure  the 
accuracy  that  can  be  achieved  for  different  Fade  orders  and  showed  that  the  error  is  composed 
of  a  fundamental  part  and  a  part  dependent  on  the  reference  wavenumber.  In  this  paper,  we 
perform  an  exhaustive  study  to  test  these  scaling  laws.  We  show  that  there  is  an  additional  error 
which  fundamentally  limits  the  accuracy  of  the  solution  and  which  is  not  reduced  with  higher 
Fade  approximants.  From  these  results  we  have  now  obtained  useful  recommendations  on  the 
best  application  of  higher  order  Fade  approximants  to  achieve  an  acceptable  absolute  error  for 
wide-angle  waveguides  with  step-index  profile. 


2.  ANALYSIS 

The  test  example  for  analytical  development  and  numerical  experiments  was  a  uniform, 
slab  waveguide  tilted  at  an  angle  from  the  propagation  direction  for  the  finite  difference  beam 
propagation  method.  This  geometry  often  appears  as  standard  benchmark  in  the  literature  [6] 
since  an  exact  analytical  solution  is  known. 

In  our  previous  work  we  have  identified  the  two  main  terms  for  the  error  in  the  one-way 
equation:  the  first  one, 

_  _  ^-pCOs4)  (1) 

k 


which  expresses  the  error  that  derives  from  the  choice  of  the  reference  wavenumber  k,  and  for 
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the  case  at  hand  this  error  can  be  eliminated  by  choosing  k  =  pcos<j).  The  second  term, 

rj,  (2) 

’  k 


represents  a  ftmdamental  angular  error  limit  which  cannot  be  eliminated  by  any  particular  choice 
of  reference  wavenumber  or  numerical  parameters.  However,  both  terms  can  be  significantly 
reduced  by  applying  higher  order  Fade  approximants.  We  fiirther  present  a  new  error  term  which 
appears  as  a  result  of  the  derivatives  of  the  index  profile  present  in  the  analysis  of  the  higher 
Fade  orders.  This  term  scales  approximately  with 


An 


sin(t> 


(3) 


and  is  not  reduced  by  higher  Fade  orders  thus  representing  the  ultimate  error  limit. 


3.  SIMULATION  RESULTS  AND  COMPARISON 

Figure  1  shows  simulation  results  for  case  of  the  reference  wavenumber  choice  as  Pcosij) 
so  that  only  the  fimdamental  error,  and  the  higher-order  derivatives  error,  T^^  remain.  The 
Pade(l,0)  results  ideally  follow  the  equation  for  the  normalized  angular  error: 

e  = 

2 


However,  Fade  order  (1,1)  and  higher  do  not  show  the  same  benefit  produced  by  Eq.  4.  Instead, 
they  are  limited  by  the  new  error  term,  Eq.  3,  thus  higher  order  approximants  do  not  improve 
accuracy. 

For  the  case  when  pcos(}),  the  term  involving  T,^f  becomes  dominant  and  limits  the 
error  until  the  ultimate  limit  of  Eq.  3  is  reached.  This  is  illustrated  in  Fig.  2  where  we  plot  the 
error  achieved  by  approximants  of  different  Fade  order  for  the  waveguide  tilted  at  40°.  Further 
examples  illustrating  the  dependence  on  waveguide  parameters,  such  as  An/n,  will  be  presented 
in  the  talk. 


4.  CONCLUSIONS 

This  paper  discusses  the  fundamental  limits  of  the  Fade-based  approximation  of  the  wave 
equation  as  applied  to  wide  angle  propagation  in  step-index  waveguides.  For  a  given  angle  a 
portion  of  the  error  can  be  eliminated  by  a  proper  choice  of  the  reference  wavenumber,  however 
a  fundamental  error  that  increases  with  the  angle  remains.  This  fundamental  error  is  composed 
of  an  angular  part  reducible  by  higher  order  Fade  approximants,  and  a  portion  which  is  not.  The 
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later  is  due  to  the  additional  field  derivatives  that  are  introduced  by  the  higher  order  Fade 
operators  and  field  discontinuities  at  the  walls  of  the  waveguide  and  Fade  orders  higher  then  (1,1) 
do  not  improve  the  accuracy  of  the  calculation.  However,  in  the  more  general  case  where  the 
wavenumber  error  term  cannot  be  eliminated,  higher  order  Fade  approximants,  for  example 
F(2,2),  F(3,3),  and  F(4,4),  further  reduce  the  absolute  error  thus  justifying  the  higher  cost  in  CFU 

time  required. 
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Multifrequency  lasers  (MFL)  (1)  are  attractive  sources  for  wavelength  division  multiplexed 
(WDM)  systems  because  they  can  simultaneously  deliver  many  densely  spaced  optical 
wavelength  channels  (2)  each  of  which  can  be  independently  modulated.  An  important 
characteristic  of  MFLs  is  that  the  relative  channel  spacing  is  defined  by  the  geometry  of  the 
intracavity  waveguide  grating  router  and,  therefore,  is  very  stable  and  reproducible.  In  this 
paper,  we  present  and  characterize  a  MFL  that  can  simultaneously  oscillate  on  18  channels. 

The  design  of  MFLs  requires  several  trade-offs.  First,  one  would  like  to  have  the  filter  bandwidth 
of  the  intracavity  waveguide  grating  router  (WGR)  as  narrow  as  possible.  As  explained  in 
Reference  3,  a  narrow  filter  bandwidth  guarantees  that  the  laser  locks  on  a  single  longitudinal 
mode,  regardless  of  how  many  longitudinal  modes  are  contained  within  that  filter  bandwidth.  On 
the  other  hand,  the  free  spectral  range  (FSR)  or  periodicity  of  the  WGR  should  be  large  so  that 
the  selectivity  of  the  amplifier  gain  profile  is  sufficient  to  choose  lasing  in  only  one  passband  of 
the  WGR.  In  our  design,  the  FSR  is  uniformly  filled  with  channels  for  a  wavelength  at  1560  nm 
(channel  “wrap-around").  The  resolution  of  the  WGR  filter  for  our  design  is  given  approximately 
by  FSR/3N,  where  N  is  the  number  of  channels.  Based  on  our  experimental  data,  we  find  that 
the  FSR  should  be  larger  than  1850  GHz  (15  nm)  and  the  filter  bandwidth  narrower  than  50  GHz 
(0.4  nm)  (3)  to  satisfy  both,  single  longitudinal  stability  and  single  passband  lasing.  In  view  of  this 
trade-off,  we  decided  on  a  24-  channel  laser  with  100  GHz  (0.8  nm)  channel  spacing  at  1560  nm 
and  a  free  spectral  range  of  2400  GHz  (19.2  nm). 

Note  that  for  low  bit-rate  applications  like  local  access  (4),  single  mode  stability  may  not  be 
necessary.  Also,  it  might  be  possible  to  suppress  multipassband  (MPB)  lasing  by  employing  a 
chirped  router  design  (5),  which  would  considerably  relax  the  above  described  trade-off.  In 
general,  MPB  is  worse  for  high  threshold  devices  since  the  gain  profile  of  a  semiconductor 
amplifier  becomes  less  selective  for  a  high  population  inversion. 

We  have  previously  reported  on  the  MFL  fabrication  (6).  The  chip  with  24  channels,  described 
here,  measures  9x18  mm^  (Fig.  1).  The  amplifier  sections  are  1  mm  long.  Three  ternary 
quantum  wells,  0.8  %  compressively  strained,  provide  gain.  The  transition  between  amplifiers 
and  passive  waveguides  is  laterally  tapered  to  avoid  reflections.  During  the  last,  p-type,  regrowth 
step,  SiOs  stripes  run  on  top  of  the  passive  waveguides  and  between  the  amplifiers  to  prevent  p- 
type  material  from  growing  there.  This  helps  to  keep  the  passive  waveguide  losses  low  and 
increases  the  electrical  isolation  between  amplifiers  to  more  than  1  MQ.  The  active  stripe  width 
of  the  amplifier  is  1  pm.  The  540  pm  thick  chips  are  presently  not  thinned  down  to  facilitate 
handling.  The  devices  are  fully  packaged  and  can  be  temperature  controlled  via  a  TE-cooler. 

The  cw  threshold  of  the  MFL  was  82  mA  total  (41  mA  per  amplifier)  for  single  channel  operation. 
Channel  1  did  not  oscillate  after  packaging.  Out  of  the  24  channels,  5  channels  had  to  be 
eliminated  because  of  MPB.  Even  for  a  large  FSR,  there  will  always  be  some  channels,  where 
the  gain  difference  in  different  passbands  is  too  small  to  clearly  favor  one  passband  over  the 
other.  In  Fig.  2,  we  display  the  wavelength  comb  for  simultaneous  cw  oscillation  on  18  channels. 
The  output  amplifier  runs  at  162  mA  bias  current.  The  bias  currents  of  the  individual,  wavelength 
selective  amplifiers  are  adjusted  to  equalize  the  output  powers.  Most  of  these  amplifiers  are 
biased  between  30  and  40  mA.  The  channels  that  are  geometrically  located  at  the  edges 
(channels  2,  3,  23,  24)  had  to  be  driven  by  up  to  60  mA  current,  because  the  router  insertion 


lMGl-2  /  129 


loss  is  higher  for  these  channels.  The  measured  power  in  the  fiber  was  -  2  dBm  (or  -14.6  dBm 
per  channel).  By  thinning  down  the  sample,  we  believe  that  the  output  power  can  be  significantly 
increased  because  the  cooling  of  the  chip  will  be  more  effective. 

The  experimental  channel  spacing  is  103  GHz.  The  increase  of  channel  spacing  from  the  design 
value  of  100  GHz  is  caused  by  the  fact  that  the  absolute  lasing  wavelength  is  lower  (around 
1515  nm)  than  what  we  assumed  for  the  design,  which  in  turn  increases  the  channel  spacing, 
indeed,  the  angle  of  the  first  Brillouin  zone  (7)  is  proportional  to  X.  where  X  is  the  absolute 
channel  wavelength.  The  channel  spacing,  on  the  other  hand,  is  determined  by  the  geometrical 
separation  of  the  output  waveguides  on  the  router.  If  the  MFL  is  designed  for  “wrap  around”  at  a 
given  wavelength,  say  1560  nm,  the  optical  channel  spacing  in  frequency  is  given  by  FSR/N. 
However,  for  a  lasing  wavelength  X[as  different  from  the  design  wavelength,  the  experimental 
channel  spacing  will  be  changed  by  a  factor  A,deagn/^ias  from  the  design  value.  In  our  case,  the 
channel  spacing  should  therefore  be  103  GHz  (1560/1 51 5x1 00GHz=1 03  GHz)  ,  which  is  in 
perfect  agreement  with  the  experimental  value.  The  channel  spacing  reproducibility  from  wafer- 
to-wafer  is  better  than  1  GHz.  For  an  application  where  the  laser  has  to  be  matched  to  a  passive 
router  in  a  remote  node  (4),  the  router,  too,  would  exhibit  an  increase  of  channel  spacing  for 
lower  wavelength  (for  exactly  the  same  reasons  as  above)  so  that  there  should  not  be  any 
difficulty  to  align  the  MFL  wavelength  comb  to  the  router  channels. 

All  channels  are  stable  single  mode.  The  longitudinal  mode  spacing  is  1.7  GHz.  The  full  width 
half  maximum  of  the  intracavity  filter  due  to  the  WGR  is  35  GHz.  In  Fig.  3,  we  plot  the  spectrum 
over  a  larger  scale  to  show  side  modes  created  by  the  next  passbands.  They  are  suppressed  by 
at  least  20  dB.  Signal-to-noise  ratio  of  the  laser  is  30  dB.  The  laser  can  be  directly  modulated  at 
1.24  Gbps  as  evidenced  by  the  eye-diagram  in  Fig.  4,  making  this  MFL  a  potential  20  Gbps 
WDM  source.  The  cross-talk  in  the  common  output  amplifier  can  be  eliminated  by  using  a  feed¬ 
forward  drive  scheme  (8). 

To  make  the  MFL  high  performance,  the  photonic  integration  has  to  produce  a  low  loss  passive 
waveguide,  a  high  gain  amplifier,  that  is  single  mode  in  the  transverse  direction,  and  a  smooth, 
reflection-free  transition  between  the  amplifier  and  the  passive  waveguide.  These  three 
elements  have  to  be  separately  measured  in  order  to  better  understand  and  further  optimize  the 
device  performance.  The  waveguides  have  losses  around  4  dB/cm,  up  from  1  dB/cm  for 
waveguides  that  have  not  undergone  any  of  the  processing  steps  necessary  for  the  integration. 
The  doping  levels  (Zn  and  Fe)  are  mainly  responsible  for  the  increased  losses.  These  losses 
bring  the  multiplexer  Insertion  loss  to  about  10  dB.  The  amplifiers  showed  a  threshold  current 
density  of  1200  kA/cm^  when  cleaved  as  1  mm  Fabry  Perot  laser  bars  without  coatings.  Their 
differential  quantum  efficiency  was  26  %,  and  they  deliver  20  mW  power  per  facet  at  200  mA 
drive  current.  The  photoluminescence  of  the  wafer  is  peaked  at  1560  nm.  However,  the  MFL 
lasing  wavelength  is  around  1515  nm.  The  intracavity  loss  of  the  MFL  is  believed  to  be 
responsible  for  the  shift  to  lower  wavelength  (compared  to  the  photolumiscence  wavelength), 
because  the  amplifier  has  to  operate  under  high  inversion  which  in  turn,  increases  the  mean 
energy  of  the  electron  distribution  in  the  conduction  band.  The  active-passive  transition  is  the 
most  difficult  to  characterize.  Right  now,  this  transition  causes  a  1.7  dB  ripple  in  the  amplified 
spontaneous  emission  spectrum  of  the  output  amplifier  (when  all  the  other  amplifiers  are  turned 
off  and  the  output  amplifier  runs  at  162  mA).  It  is  crucial  to  keep  this  ripple  as  small  as  possible, 
because  it  competes  with  the  intracavity  filtering  from  the  router  and  may  destroy  single-mode 
lasing  stability.  The  threshold  current  density  does  not  significantly  increase  for  Fabry-Perot 
lasers  with  a  short  piece  of  passive  waveguide  attached,  showing  thereby  that  the  transition  loss 
is  small.  We  believe  that  further  optimizing  of  the  layer  structure,  processing  and  mask  design 
can  still  produce  significant  improvement  of  the  MFL  performance:  increasing  output  power, 
lowering  threshold  and  increasing  the  number  of  channels. 
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In  conclusion,  we  have  reported  on  a  MFL  that  operates  simultaneously  on  18  channels.  Each 
channel  can  be  directly  modulated  at  1.24  Gbps.  The  inherently  stable  and  reproducible  channel 
spacing  of  this  device  is  a  major  advantage  when  it  come  to  manufacturability  and  reliability  of 
sources  for  dense  WDM  systems. 

Figure  captions: 

Fig.  1;  Schematic  drawing  of  the  MFL  with  24  channels. 

Fig.  2:  Output  spectrum  for  18  channels  simultaneously  lasing 
Fig.  3;  Output  spectrum  over  larger  wavelength  range. 

Fig.  4:  Eye-diagram  of  one  of  the  channels  modulated  at  1 .2  Gbps. 
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The  multi-frequency  waveguide  grating  router  laser  (MFL)[1]  consists  of  a 
waveguide  grating  routerP-^]  integrated  with  semiconductor  amplifiers.  N  ports  at  one 
end  of  the  router  terminate  in  optical  amplifiers  with  cleaved  mirror  facets,  and  one  port 
at  the  other  end  terminates  in  a  partially  reflecting  mirror,  or  possibly  an  additional 
optical  amplifier.  Each  of  the  N  resonant  cavities  provides  a  different  intracavity  filter 
frequency  due  to  the  router.  These  intracavity  filters  are  precisely  spaced  with  respect 
to  each  other,  resulting  in  an  MFL  output  consisting  of  N  precisely  spaced  laser 
frequencies. 

However,  the  transmission  peaks  of  the  router-based  intracavity  filters  repeat  with 
a  periodicity  equal  to  the  router  free-spectral  range.  In  which  and  in  how  many 
passbands  laser  oscillation  occurs  for  each  channel  is  determined  only  by  the 
amplifiers.  This  makes  it  difficult  to  control  the  absolute  lasing  wavelength,  and 
multiple  passband  lasing  results  in  instability  in  the  laser  outputl^l. 

We  wish  to  modify  the  router  so  that  the  intracavity  filter  in  each  channel  has  one 
dominant  passband,  with  all  the  other  passbands  exhibiting  higher  loss,  and  we  wish  to 
control  which  passband  in  each  channel  has  the  highest  transmission.  These  goals  can 
be  achieved  by  chirping  the  router. 

The  waveguide  grating  router  is  a  device  with  N  i  inputs  and  N2  outputs  that 
consists  of  M  waveguides  of  varying  lengths  connecting  two  star  couplers.  For  the 
following  analysis,  we  limit  ourselves  to  NxN  routers  with  channels  evenly  spaced  in 
frequency,  free-spectral  ranges  equal  to  N  times  the  channel  spacing,  and  even  M. 

Following  the  work  of  Dragone^^^,  one  can  write  the  amplitude  transmission  between 
port  p  on  one  end  of  the  router  and  port  q  on  the  other  as 


M 


Pmexpfj^lmf 


exp  j^(p-q)m 


(1) 


where  f  is  the  optical  frequency.  Pm  is  the  optical  power  in  the  mth  arm  normalized  to 
the  total  power,  n  is  the  index  of  refraction,  c  is  the  speed  of  light  in  vacuum,  and  Im  is 
the  length  of  the  mth  arm.  In  the  simplest  router  design,  Im  =  mAl  +  C,  where  A1  and  C 
are  constants.  The  offset  value  C  does  not  affect  the  router  response  and  is  left  out  in 
all  following  equations.  Tp^q  =  |lp,qF  ^  such  a  router  has  equal-height  transmission 
peaks  (passbands)  that  occur  at  f  =  [k  -  (p-q)/N]c/(nAl),  where  k  is  an  integer. 

To  change  the  relative  passband  heights,  we  require  a  non-uniform  distribution  of 
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Im.  Such  a  concept  of  using  non-uniformity  to  modulate  a  filter  response  has  been 
applied  to  many  devices,  such  as  distributed  feedback  laserst^l,  weighted  couplers  i^l, 
and  beamsteerersl^l.  One  of  the  unique  features  of  the  present  case  is  that  the  router  is 
a  NxN  device. 

The  constraints  we  impose  on  the  design  for  controlling  the  passband  heights  are 
that  we  can  control  only  Im  and  that  lm<lm+l  ■  where  e>0.  To  help  create  and 
evaluate  a  design,  we  make  the  following  substitution  for  Im:  Im  =  (m  otirOM-  Thus 
am  is  the  deviation  from  a  non-chirped  "test"  grating.  If  we  constrain  ourselves  to 
evaluate  tp,q  only  at  the  frequencies  where  a  non-chirped  router  with  lm=niAlt  would 
have  its  passband  peaks,  then  Eq.  (1)  reduces  to 


^,q  env  —  tp  q(f— [k-(p-q)/N]c/(nAlj)) 


{  'Itch  ^ 

Pmexp  j  -^mAltf 

V  ^  j 


(2) 


The  overall  envelope  of  the  passband  peaks  for  a  design  can  be  found  by  taking  the 
largest  magnitude  of  ^),q  env  for  all  Alt  at  each  f. 

For  example,  one  chirp  design  is  to  separate  the  router  grating  arms  into  two 
separate  gratings  with  slightly  different  periods.  Light  passing  through  the  two  gratings 
will  add  coherently  over  only  certain  frequency  ranges.  For  such  a  design,  Im  =  niAla  + 
(M/2  -  m)Alb  for  m=l,...,M/2,  and  Im  =  mMa  +  (m  -  M/2)Alb  for  m=M/2+l,...,M,  where 
Ala  and  Alb  are  constants. 

A  more  general  chirp  design  is 


Im  =  mAla  +  round 


g(m)Ala 


nfc 

c 


c 

nfc 


(3) 


where  g  is  an  arbitrary  function  of  m  with  a  small  average  g(m+  l)-g(m),  round  is  a 
function  that  rounds  its  argument  to  the  nearest  integer,  and  fr  is  the  desired  peak 
wavelength  of  the  passband  envelope.  Ala  determines  the  channel  spacing  and  channel 
alignment  in  the  envelope,  and  g(m)  determines  the  envelope  shape.  The  advantage  of 
this  design  is  that  one  can  independently  control  passband  envelope  width  and  location. 
For  the  two-grating  design,  g(m)  =  Y2grat(^  ‘  2m/M)  for  m=l,...,M/2,  and  Y2grat(^^^  ’ 
1)  for  m=M/2+l,...,M.  Figure  la  shows  Tp,q,  Tp,q  env(Alt=Ala),  and 
Tp,q  env(Alt=Ala+Alb)  vs.  wavelength  for  an  N=10,  M=36  two-grating-chirped  router 

with  Y2grat=MAlb/(2Ala)  «  land  Pm  a  Gaussian  distribution. 

Another  design  that  can  use  Eq.  (3)  is  the  M-grating  design,  in  which  g(m+l)-g(m) 
changes  linearly.  For  this  case  g(m)  =  YMgrat[na(m+l)/M  -  m],  where,  like  Y2grat’  YMgrat 
is  a  constant  that  adjusts  the  envelope  width.  Figure  lb  shows  Tp^q  and 
Tp,q  env(Alt=Ala)  vs.  wavelength  for  an  M-grating  design.  The  envelope  repeats  with 
period  fc. 

A  two-grating  design  was  fabricated  in  InP  using  buried  rib  waveguides  with 
N=10,  M=36,  and  a  channel  spacing  of  100  GHz.  One  channel  from  a  non-chirped 
router  is  shown  in  Fig.  2a,  and  all  10  channels  of  the  two-grating  chirped  router  are 
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(a) 


Fig.  1.  Theoretical  Tp^q  vs.  free-space  wavelength  for  a  two-grating  chirped  router  (a),  and  an  M- 
grating  chirped  router  (b)  with  M=36  and  M=10.  Only  5  of  the  channels  (solid  lines)  are  shown;  the 
other  5  channels  are  symmetric  about  1550  nm.  The  dashed  line  shov/s  Tp  q  gj^y(Alj=Al2),  and  the 
dash-dot  line  in  (a)  shows  Tp^q  env(Alj=Ala+Alb). 


Fig.  2.  Experimental  results  from  a  two-grating  chirped  router  with  M=36,  N=10  covering  five  free- 
spectral  ranges.  (b)-{d)  show  the  ten  different  channels  measured  by  sending  broadband  light  into  port 
p=6  on  one  side  of  the  router  and  measuring  the  spectrum  of  the  TE  light  from  each  of  the  10  ports  on 
the  other  side,  q  is  shown  on  the  plots,  (a)  shows  the  response  from  an  equivalent  non-chirped  router. 
All  the  plots  are  adjusted  so  their  peaks  are  at  0  dB. 
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shown  in  Figs.  2b-d.  Seven  (q=3,...,9)  of  the  channels  have  extinction  ratios  less  than 
about  -3  dB,  two  (q=2,10)  have  extinction  ratios  of -2  dB,  and  the  tenth  (q=l)  has 
nearly  equal  passbands.  These  extinction  ratios  are  about  1-2  dB  worse  than  predicted 
by  the  theory,  which  we  believe  is  caused  by  small  phase  errors  in  the  fabricated 
grating.  The  envelope  and  passband  positions  were  repeatable  to  approximately  ±0.5 
nm  from  chip  to  chip  (whether  on  the  same  wafer  or  different  wafers).  The  total  on- 
chip  loss  is  about  6+1  dB  between  center  channels,  and  the  loss  is  about  the  same  for 
the  unchirped  and  chirped  router  for  the  channels  at  the  center  of  the  chirp  envelope. 

In  conclusion,  chirping  of  the  router  in  an  MFL  is  similar  to  placing  a  highly 
controllable,  wide  band-pass  filter  into  the  laser.  It  reduces  the  number  of  channels  that 
oscillate  in  more  than  one  router  passband  and  gives  precise  control  over  the  absolute 
lasing  wavelength. 
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Introduction: 

Wavelength  Division  Multiplexing  (WDM)  is  widely  regarded  as  a  promising  option  to  increase 
the  bandwidth  and  flexibility  of  broadband  optical  communication  systems.  In  such  systems, 
multi  wavelength  laser  sources  [1],  both  for  selectable  single  wavelength  and  simultaneous  mul¬ 
tiple  wavelength  operation,  will  be  important  components. 

Several  monolithically  integrated  solutions  of  launching  multiple  wavelengths  into  a  single 
fibre  have  been  demonstrated.  Among  these  are  integration  of  DBR  lasers  with  a  star  coupler  [2], 
and  an  etched  grating  [3]  or  a  Phased  Array  wavelength  multiplexer  [4,  5]  in  the  laser  cavity. 
Previous  devices  have  been  fabricated  using  QW-loaded  [4]  or  Selective  Area  Epitaxy-grown  [5] 
embedded  waveguides.  Due  to  the  relatively  small  index  contrast  of  such  waveguides,  a  rather 
large  device  size  of  10  x  4  mm-  results. 

In  this  paper,  devices  are  presented  which  employ  a  simple  ridge  waveguide  structure,  en¬ 
abling  a  compact  Phased  Array  design  due  to  a  high  index  contrast. 

Design  and  fabrication: 

As  shown  schematically  in  Fig.  1,  the  passive  part  of  the  device  consists  of  an  11  x  1  Phased 
Array  wavelength  multiplexer  having  a  channel  spacing  of  400 GHz  (3.2  nm),  and  a  free  spectral 
range  (FSR)  of  38.75  nm.  It  comprises  50  array  waveguides  with  a  minimum  bending  radius  of 
500pm.  The  two  outer  input  waveguides  are  used  for  testing  purposes,  while  the  9  inner  input 
arms  are  fit  with  500pm  long  gain  sections.  Total  device  size  is  only  3.5  x  2.5  mm-. 

In  addition  to  a  small  device  size,  the  ridge  waveguide  structure  in  both  the  active  and  passive 
parts  of  the  device  leads  to  a  simple  fabrication  scheme.  The  complete  structure  (active  +  pas¬ 
sive)  is  grown  in  3  epitaxy  steps.  A  120nm  thick  InGaAsP  laser  active  layer  with  Agap  =  1 .55 pm 
is  grown  onto  an  n-type  InP  substrate  by  means  of  Low-Pressure  OMVPE.  After  defining  the 
active  regions  using  wet  chemical  etching,  230nm  InGaAsP  with  Agap  =  1.30pm  is  grown, 
butt-jointed  to  the  active  layer,  and  the  entire  structure  is  overgrown  with  a  1.4pm  thick  p-InP 
cladding  layer.  Stable  TE  mode  operation  [6]  is  obtained  using  ridges  of  2.5  pm  in  width  and 
1.35  pm  in  height,  which  are  etched  by  means  of  reactive  ion  etching.  Finally,  the  laser  contact 
metallisation  is  fabicated.  For  characterisation,  chips  with  as-cleaved  facets  are  soldered  onto 
copper  carriers  providing  8  leads  for  electrical  contacts. 

Experimental  results: 

Figure  2  shows  the  response  of  a  discrete,  passive  Phased  Array.  The  1 1  channels  have  a  spacing 
of  400  GHz  around  the  central  wavelength  of  1547  nm,  with  a  crosstalk  less  than  — 20dB.  Fibre- 
to-fibre  insertion  loss  (using  two  lensed  fibres)  is  24.7  dB  for  the  best  channel,  and  increases  with 
channel  number  due  to  the  increasing  path  length  (see  Fig.  1).  This  yields  an  estimated  wave¬ 
guide  loss  of  20dB/cm,  which  is  supported  by  the  results  of  Fabry -Perot  contrast  measurements 
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on  straight  waveguides.  This  relatively  high  loss  is  attributed  to  the  p-doped  InP  cladding  layer, 
which  was  grown  over  the  entire  structure  for  simplicity  of  processing. 

As  shown  in  Fig.  3,  single-mode  operation  with  a  side  mode  suppression  of  approximately 
20dB  is  obtained  for  6  out  of  8  adressable  channels.  The  width  of  the  individual  peaks  results 
from  the  0. 1  nm  resolution  of  the  optical  spectrum  analyser  used  for  the  measurements.  Thresh¬ 
old  current  for  the  devices,  operated  at  25°C,  is  120mA  for  channel  2  and  increases  to  150mA 
for  channel  7,  due  to  the  increasing  waveguide  loss  with  increasing  length  of  the  passive  part 
of  the  cavity.  Discrete  laser  arrays  (i.e.  without  passive  waveguides;  length  500 ;um)  uniformly 
exhibit  threshold  currents  of  38mA.  Finally,  for  channel  2,  at  200mA  approximately  0.15mW 
of  output  power  is  coupled  into  a  lensed  standard  single  mode  fibre. 

Stable  dual  channel  operation  could  be  obtained  for  any  combination  of  lasing  channels  at 
a  device  temperature  of  16°C,  as  shown  in  Fig.  4  for  channel  2  and  3.  Device  heating  resulting 
from  the  high  operating  currents  prevented  lasing  at  more  than  two  wavelengths. 

Conclusion: 

A  compact  multi-wavelength  laser  has  been  fabricated  in  a  simple  ridge  waveguide  structure, 
exhibiting  stable  single  mode  operation  at  6  out  of  9  discrete  wavelengths  spaced  by  400  GHz. 
Simultaneous  operation  at  two  independently  lasing  wavelengths  has  been  demonstrated. 
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Figure  1:  Schematic  diagram  of  ridge  waveguide 
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SYSTEM  REQUIREMENTS:  Directly-modulated  semiconductor  diode  lasers  are  ideal  sources  for  digital  data 
communications,  but  sources  for  wavelength-division  multiplexing  (WDM)  have  additional  stringent  requirements 
on  wavelength.  The  most  obvious  of  these  requirements  is  wavelength  accuracy  upon  manufacture.  Maintaining  the 
wavelength  stability  over  life  may  be  even  harder  to  ensure.  Also,  the  dynamic  properties  of  the  laser  frequency,  both 
in  terms  of  high-speed  chirp  and  low-speed  thermal  drift,  need  to  be  guaranteed. 

Arrays  of  wavelength-distinct  arrays  of  DFB’s  are  being  developed  for  WDM.^’^  One  major  issue  with  this  approach 
is  that  temperature-tuning  cannot  be  used  to  correct  relative  errors  within  the  array.  The  best  reported  data  on  the 
wavelength  accuracy  is  a  standard  deviation  of  0.18  nm  for  six-element  arrays.'  This  is  still  large  compared  to  the 
accuracies  demonstrated  in  waveguide  gratings  used  for  multiplexing  and  demultiplexing.^  Therefore,  these  systems 
will  require  individually  temperature  tunable  lasers  unless  the  array  accuracies  can  be  improved. 

As  an  example  of  the  target  requirements  for  a  dense  WDM  system,  we  consider  a  32-channel  simple  link  which  uses 
silica  waveguide  arrayed-waveguide  gratings  at  either  end  as  multiplexer  and  demultiplexer.  Experimentally, 
measurements  were  done  on  such  a  link  constructed  of  two  arrayed  waveguide  gratings  (AWG)  loaned  to  us  by  NTT 
Opto-electronics  Labs.  The  gratings  have  channels  spaced  0.8  nm  (100  GHz)  apart  with  approximately  0.29  nm 
FWHM.  If  we  (arbitrarily)  allow  a  1  dB  "mismatch  loss"  penalty  through  the  mux  and  demux,  the  lasers  need  to  be 
within  ±  0.06  nm  of  the  grating  passband  peak. 

If  direct  modulation  is  used,  the  target  accuracy  may  need  to  be  reduced  fiirther.The  details  of  a  DFB  laser’s  dynamic 
spectra  have  been  found  to  cause  additional  penalties  in  a  link.  Unlike  conventional  transmission,  these  penalties 
result  from  the  wavelength  selective  nature  of  the  link  (not  fiber  dispersion)  and  may  occur  even  at  low  speeds  and 
short  distances.  We  have  observed  this  with  a  bit  error  rate  measurement  taken  at  200  Mb/s  with  a  commercial  DFB 
laser  driven  with  an  extinction  ratio  of  10  and  an  average  power  in  the  fiber  pigtail  of  -3  dBm.  In  the  experiment,  the 
laser  was  maintained  at  constant  temperature  and  drive  conditions,  but  the  AWG's  were  temperature  tuned  to  achieve 
mismatch  between  the  WDM  link  and  the  laser.  With  the  power  at  the  receiver  held  constant,  a  BER  rate 
degradation  w'as  seen  for  detuning  in  either  direction.  This  "de-tuning  penalty"  in  addition  to  the  "mismatch  penalty" 
already  mentioned  above  was  of  comparable  magnitude.  A  de-tuning  penalty  of  1  dB  corresponded  to  0.055  nm 
between  laser  and  WDM  link  under  the  test  conditions  above,  but  will  depend  on  the  particular  DFB  used. 

AWG  LASER:  We  propose  to  use  the  same  AWG  which  is  used  as  the  multiplexer  to  define  the  laser  array 
wavelengths  by  forming  an  external  cavity  as  shown  in  Fig.  1.  It  consists  of  a  semiconductor  laser  array  (with  highly 
reflective  back  mirror  and  anti -re flection  front  facet  coatings)  coupled  to  the  silica  waveguide  grating.  On  the  end  of 
the  fiber  pigtail  butted  to  the  waveguide  is  a  reflective  coating  which  acts  as  the  output  coupler  of  all  the  laser 
cavities.  Recently,  a  slightly  different  silica  external  cavity  AWG  laser  which  minimized  the  number  of  laser  diodes 
was  demonstrated."^  The  silica  AWG  laser  is  the  hybrid  version  of  the  previously  demonstrated  integrated 
semiconductor  waveguide  grating  lasers^'^ 

One  advantage  of  using  the  same  make  of  grating  to  define  the  laser  wavelengths  as  to  perform  the  multiplexing/ 
demultiplexing  functions  is  that  some  small  systematic  errors  in  wavelength  would  be  in  common  and  would  not 
lead  to  either  mismatch  or  detuning  penalties.  Wavelength  errors  in  the  grating  can  be  divided  in  several  categories: 
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TYPE  1:  overall  wavelength  shift  of  the  entire  device  due  to  fabrication  errors  such  as  material  composition, 
waveguide  layer  thickness  and  waveguide  width 

TYPE  2:  reproducible  wavelength  errors  of  individual  channels  due  to  mask  inaccuracies 
TYPE  3:  truly  random  individual  channel  variations. 

T>pe  1  errors  are  typically  much  larger  than  the  other  types  but  the  overall  shift  of  the  whole  array  can  be  corrected 
coarsely  by  choosing  a  different  input,  and  finely  by  temperature  tuning  of  the  grating.  In  considering  the  laser 
requirements,  we  assume  that  these  errors  have  already  been  corrected  to  achieve  matching  between  multiplexer  and 
demultiplexer.  Our  point  here  is  that  this  external  cavity  design  is  seif-correctly  for  Type  2  errors  because  the  laser 
transmitter  wavelength  will  automatically  track  the  multiplexer.  As  an  example,  the  NTT  multiplexer  and 
demultiplexer  used  in  the  link  experiment  described  above  had  Type  1  errors  correctable  by  10  C  G  .1  nm)  of 
temperature  tuning  betw'een  mux  and  demux,  and  showed  type  2  errors  of  <  ±  0,05  nm  (limited  by  measurement 
accuracy)  from  nominal  channel  wavelength  but  Type  3  errors  (errors  uncorrelated  between  mux  and  demux) 
caused  random  differences  between  the  two  components  with  a  a  of  0.02  nm  (again  limited  by  measurement 
accuracy.) 

PHOTOREFRACTIVE  BRAGG  GRATING  LASER:  The  device  of  Fig.  1  has  some  disadvantages.  First,  the 
wavelength  characteristics  of  high-order  gratings  such  as  the  arrayed-waveguide  type  are  periodic.  As  reported^'^  the 
external  cavity  lasing  wavelengths  are  not  uniquely  defined.  Also,  the  long  cavity  length  (5  cm  typical)  in  standard 
low-loss  silica  material  limits  the  modulation  speed  possible.  Another  version  of  the  external  cavity  laser  uses 
UV-written  photorefractive  Bragg  gratings  in  the  waveguide  to  define  the  laser  wavelength^  This  technique  uses  a 
low-order  grating  and  thus  does  not  have  the  wavelength  ambiguity-  problem,  of  the  arrayed-waveguide  grating.  With 
the  shorter  cavity,  2.4  Gb/s  modulation  was  possible.  We  propose  that  these  gratings  should  be  written  in  the 
multiplexer  AWG  at  the  end  nearest  the  laser  diode  array  as  shown  in  Fig.  2.  The  purpose  is  to  put  the  dominant  type 
1  effective  index  error  in  common  between  the  Bragg  grating  and  the  multiplexer. 

EXPERIMENTAL  RESULTS:  So  far,  we  have  assumed  that  the  accuracy  of  the  external  cavity  wavelengths  are 
directly  translated  to  the  wavelength  of  the  laser.  But  there  are  additional  factors  that  must  be  considered.  The  gain 
curv'e  of  the  diodes  including  residual  ripple  from  the  laser  facet  will  pull  the  lasing  wavelength.  Nonlinearities  due 
to  w'ave-mixing  have  been  showm  to  bias  the  wavelength  tow^ards  longer  wavelengths.^ 

An  initial  experiment  to  study  the  wavelength  accuracy  relative  to  the  external  cavity'  wavelength  was  done  using  a 
single  HR'AR  coated  laser  diode  and  a  fiber  with  a  photorefractive  grating.  The  fiber  was  lensed  to  increase 
coupling  efficiency  to  over  50%  but  w'as  not  AR  coated.  Without  the  fiber  grating,  the  diode  gain  peak  is  centered  at 
1560  nm  and  shows  no  lasing  up  to  300  mA.  The  low'  current  case  in  Fig.  3  shows  the  transmission  spectrum  of  the 
grating  w'hich  has  0.1  nm  BW  as  well  as  the  residual  ripple  due  to  the  diode.  Based  on  rf  spectra  at  the  onset  of 
multimode  behavior,  the  effective  cavity  length  is  2  cm.  Above  threshold,  the  laser  wavelength  is  matched  within  .02 
nm  of  the  grating  center.  The  peak  wavelength  as  measured  by  an  Advantest  wavement  shows  a  dependence  on  drive 
currents  as  shown  in  Fig.  4,  but  remains  within  0.02  nm. 

The  above  behavior  occurs  w'hen  the  fiber  position  has  been  optimized  for  minimum  threshold.  It  was  also  noted  that 
another  (multi-mode)  behavior  occurs  at  high  currents  when  the  fiber  position  is  optimized  for  high  power  output  at 
high  (>140  mA)  currents.  The  multimode  state  is  characterized  by  typically  6  dB  higher  output  power,  wider 
linew'idth  (multi-longitudinal  mode),  peak  w'avelength  longer  by  0.08  nm,  and  high  intensity  noise.  The  spectral 
difference  between  the  two  states  both  taken  at  140  mA  is  shown  in  Fig.  5. 

This  work  was  supported  by  ARP  A  contract  MDA972-95-C-001 . 
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Fig.  2  Photoref ractive  Bragg  gratings  in  AWG  multiplexer 


Fig.  3  Fiber  Bragg  laser  spectra  below,  at  and  above  threshold 
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Wavelength  Conversion  for  All-Optical  Networks 

Jay  M.  Wiesenfeld 
AT&T  Bell  Laboratories 
Crawford  Hill  Laboratory 
Holmdel,NJ  07733 

The  dynamic  exchange  of  signals  between  different  wavelength  channels  will  become  a 
crucial  feature  in  the  development  of  WDM  optical  networks.  Such  a  wavelength  conversion 
function  will  be  particularly  important  for  applications  involving  frequency  re-use  and 
wavelength/spatial  routing.  Additionally,  wavelength  conversion  will  simplify  the  operation  of 
future  photonic  cross-connects  and  permit  their  operation  in  a  non-blocking  mode.  To  minimize 
their  deleterious  effects  on  the  optical  network,  wavelength  converters  should  support  the  level 
of  optical  “transparency”  required  by  the  network  and  produce  little  degradation  on  the  signal 
channel. 

Techniques  based  on  semiconductor  optical  amplifiers  (SOA’s)  are  most  promising 
candidates  for  the  function  of  wavelength  conversion  [1].  In  particular,  nonlinearities  in  SOA’s 
applied  to  wavelength  conversion  are  cross-gain  modulation  (XGM),  cross-phase  modulation 
(XPM)  and  four-wave  mixing  (FWM).  Cross-gain  modulation  and  cross-phase  modulation  rely 
on  carrier  density  dynamics  within  the  SOA,  while  FWM  relies  on  carrier  intraband  dynamics  for 
the  wavelength  conversion  range  of  interest  for  optical  networks. 

The  simplest  technique  is  XGM,  in  which  a  signal  reduces  the  earner  density  within  the 
SOA  by  stimulated  emission,  thereby  imposing  a  gain  modulation  on  a  second,  independently 
tunable,  cw  input  to  the  amplifier  (the  probe),  which  becomes  the  wavelength-converted  output 
[2-4].  Using  XGM,  wavelength  conversion,  to  both  longer  and  shorter  wavelength,  has  been 
demonstrated  for  signals  at  bit  rates  up  to  20  Gb/s. [5]  Two  problems  associated  with  XGM  are 
extinction  ratio  degradation  [6]  and  chirp,  produced  by  the  phase  modulation  that  necessarily 
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accompanies  gain  modulation  in  a  SOA  [7].  This  technique  requires  only  a  single  SOA,  is  bit- 
rate  transparent  up  to  a  maximum  of  perhaps  20  Gb/s,  and  is  effective  only  for  intensity 
modulated  formats. 

In  a  second  technique,  the  phase  modulation  caused  by  the  signal-induced  carrier 
depletion  is  used  to  advantage.  To  use  this  cross-phase  modulation  (XPM)  to  produce  intensity 
modulation  on  the  probe  requires  an  interferometric  configuration,  in  which  one  or  two  SOA’s  is 
placed  inside  a  Michaelson  or  Mach-Zehnder  interferometer.  [8,9]  While  the  first  demonstration 
of  XPM  for  wavelength  conversion  used  discrete  SOA’s  and  optical  fiber  couplers  to  construct 
interferometers  [8,9],  recent  significant  progress  has  been  achieved  by  the  fabrication  of 
monolithically  integrated  SOA  interferometers,  of  both  the  Michaelson  [10]  and  Mach-Zehnder 
configurations  [11-13].  With  these  devices  the  extinction  ratio  can  be  enhanced  by  the 
interferometric  transfer  function  [12]  and  the  chirp  is  controlled,  so  that  transmission  over 
dispersive  fiber  at  high  bit  rate  is  possible  [10-12].  Wavelength  conversion  by  XPM  in 
interferometric  configurations  is  bit-rate  transparent  up  to  at  least  10  Gb/s  [10,  14],  but,  as  with 
XGM,  functions  only  for  intensity  modulated  formats. 

Wavelength  conversion  using  FWM  in  a  single  SOA  [15,  16]  functions  for  both  intensity 
modulated  and  frequency  modulated  data  formats.  For  digital  intensity  modulated  signals  the 
extinction  ratio  of  the  input  signal  is  preserved.  However,  the  conversion  efficiency  can  vary  by 
more  than  20  dB  over  a  range  of  wavelength  translation  of  10  nm  [16].  Moreover,  because  of  the 
possibly  small  conversion  efficiency  and  the  presence  of  ASE  noise  from  the  SOA,  the  signal-to- 
noise  ratio  can  be  a  limiting  factor  [1,  17].  Nevertheless,  signal  wavelengths  have  been 
translated  by  FV/M  in  SOA’s  at  bit  rates  of  622  Mb/s  [18]  and  at  rates  to  10  Gb/s  [19]. 

In  this  presentation,  recent  applications  of  SOA’s  to  wavelength  translation  will  be 
presented.  Particular  attention  will  be  directed  to  issues  of  flexibility,  transparency,  and  signal 
degradation. 
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High  speed  and  polarisation  insensitive  interferometric 
wavelength  converters  by  MQW  optimisation 

K.Wunstel,  G.Laube,  W.ldler,  K.Daub,  E.Lach,  K.Dutting,  M.KIenk,  M.Schilling 
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Adress:  Alcatel  SEL,  Lorenzstrasse  10,  D-70435  Stuttgart,  Germany 
Phone:  (+49)711-821-46142,  Fax:  (+49)711-821-46355 

Introduction:  Amongst  various  types  of  wavelength  converters  presently  investigated, 
interferometric  wavelength  converters  have  shown  most  enormous  progress  in  the  recent 
period  /I/.  Availability  of  these  devices  is  strongly  demanded  for  optical  routing  and 
switching  demonstrators  as  well  as  for  WDM  experiments.  System  requirements  such  as 
polarisation  insensitivity  and  high  speed  wavelength  conversion  up  to  10  Gb/s  are  crucial  for 
success  of  these  components. 

The  interferometric  devices  are  formed  by  monolithic  integration  of  semiconductor  optical 
amplifiers  (SOAs)  in  a  waveguide  structure  yielding  a  Michelson  or  Mach  Zehnder  (MZl) 
interferometer  /2,3,4/.  The  choise  of  a  MQW  structure  for  the  interferometer  waveguides 
layers  and  SOA  segments  provides  enhanced  design  and  processing  flexibility  compared  to 
standard  bulk  devices.  MQW  based  MZl  wavelength  converters  have  recently  shown  signal 
regeneration  capabilites  up  to  5  Gb/s  /5/.  MQW  devices  have  still  to  be  optimised  concerning 
polarisation  insensitivity  and  high  speed  operation  up  to  10  Gb/s. 

Principle  of  wavelength  conversion  with  3-port  MZl:  Wavelength  conversion  achieved  by 
cross  phase  modulation  with  SQAs  in  a  discrete  Mach  Zehnder  Interferometer  configuration 
has  been  reported  in  /6/.  First  monolithic  integration  of  SOAs  coupled  with  active  wave¬ 
guides  (2-port  version  with  segments  1  to  4,  cf.  fig.1)  has  been  realised  by  111.  In  the  present 
version,  a  5th  segment  (s.  fig.1)  has  been  additionally  integrated  to  perform  injection  of  the 
input  signal  in  only  one  of  the  MZl  branches. 

Due  to  the  all  active  configuration  of  our  MZl,  the  input  and  output  segments  1 ,3,5  can  be 
operated  as  optical  amplifiers  with  potential  for  compensation  of  losses  arising  from  splitter/ 
combiner  and  input/output  coupling.  Furthermore,  signal  level  adaptation  at  the  inputs  and 
output  of  the  interferometer  is  possible. 


3-port  MZl 


Fla.  1:  3-port  Mach-Zehnder  interferometer  chip  operated  in  contra-directional  injection 

We  operate  the  3-port  MZl  in  contra-directional  injection  scheme  (fig.1).  In  this  mode,  no 
optical  filter  is  required  at  the  output  to  suppress  signal  wavelength  from  control  wavelength 
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/8/.  Signal  power  injection  only  into  one  MZi  branch  (branch  3,  see  fig.1)  modulates  the 
refractive  index  (via  carrier  density).  Thus  the  counter  running  control  wavelength  is  phase 
moduiated  in  branch  3  with  respect  to  branch  4,  resulting  in  amplitude  modulation  of  the 
control  wavelength  at  the  output  of  the  MZI  (segment  2).  By  the  more  efficient  cross  phase 
modulation  in  the  3-port  MZI  compared  to  a  2-port  MZI  high  modulation  depth  can  be 
realized  by  optimum  choice  of  bias  conditions  of  the  MZI  151. 

Device  Fabrication:  For  the  input/output  and  interferometer  waveguides,  an  identical 
waveguide  layer  stack  containing  the  (InGaAs/InGaAsP)  MOW  active  layers  is  grown  in  one 
single  step  by  LP  MOVPE  on  full  2  inch  n-lnP  substrates.  Compact  (  L  <  3mm)  monolithic 
wavelength  converters  were  fabricated.  The  lateral  device  geometry  (buried  ridge  stripe)  is 
formed  by  applying  a  CH4/H2  RIE  process  before  final  MOVPE  regrowth.  The  wafer 
processing  is  completed  using  our  conventional  technology  as  reported  in  121.  Finally,  anti¬ 
reflection  coating  of  both  facets  is  performed. 


optical  control  of  A.  out  (probe  input) 


Device  optimisation  for  polarisation  insensitivity: 

Typical  values  for  conventional  MQW-structures  are  >  10  dB  polarisation  dependence, 
whereas  <  1  dB  is  required  for  specific  system  appiications.  Therefore,  the  MOW  structure 
has  to  be  properly  designed  to  equally  support  TE  and  TM.  This  design  has  to  take  into 
account  influences  on  the  polarisation  sensitivity  arising  from  the  MOW  iayer  stack  and  the 
actual  waveguide  geometry. 


As  shown  in  /9/  for  discrete  MQW-based  optical  amplifiers,  polarisation  insensitive  operation 
can  be  achieved  by  introduction  of  small  amounts  of  tensile  strain  in  the  wells,  resulting  in  a 
bandstructure  modification  (for  light  and  heavy  hole  bands).  A  similar  technique  was  applied 
in  the  present  work  for  fabrication  of  completely  integrated  MZI  AOWCs.  A  schematic  band 
diagram  of  a  typical  5  well  structure  is  shown  in  fig.2.  The  MQW  core  is  sandwiched  by 
separate  confinement  layers  of  the  same  composition  as  the  unstrained  barrier  layers  (  Eg  = 
1.2  pm).  By  fine  adjustment  of  tensile  strain  (varied  between  -0.3  and  -0.45%)  the  optimum 
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conditions  to  achieve  equalized  gain  for  TE  and  TM  modes  have  been  identified  for  our 
structures  (including  MQW  and  waveguide  effects). 

Assessment  of  static  and  dynamic  all-optical  wavelength  conversion  performance  has  been 
done  for  MZI  devices  with  different  strain.  The  basic  functionality  was  comparable  to 
previous  polarization  dependent  devices  /2,5/.  The  best  results  with  the  smallest  TE-TM 
difference  are  obtained  for  wavelength  converters  with  -0.34%  tensile  strain.  For  such  a 
device  the  interferometric  characteristic  under  electrical  control  is  shown  in  fig.3  for  TE  and 
TM  optical  probe  inputs.  In  wavelength  conversion  experiments,  the  probe  input  polarisation 
was  held  at  a  constant  level  (e.g.  TE)  whereas  the  polarisation  states  of  the  (modulated) 
input  signal  were  varied  between  TE  and  TM.  As  a  result,  TE-TM  values  <  1  dB  for  the 
output  intensity  variation  were  achieved  (fig.4)  independently  of  the  signal  intensity.  With 
these  new  polarisation-insensitive  components,  penalty-free  2.5  Gbit/s  all-optical  wavelength 
conversion  including  extinction  ratio  improvement  was  verified  in  system  experiments. 


Fig^  :  Interferometric  response  of  a 
MZI  under  electrical  control 
for  TE  and  TM  probe  inputs 


Fiq.4:  Wavelength  converter  output  signal 
(P_out)  for  TE  and  TM  polarised 
signal  input  (P_signal) 


Device  optimisation  for  high  speed  operation: 

Wavelength  conversion  speed  is  directly  related  to  the  SOA  properties  in  the  interferometer 
branches  3  and  4.  High  photon  density  resulting  in  short  response  time  as  described  in  71/ 
can  be  achieved  by  increasing  the  active  volume  (increased  confinement  factor)  and  by 
increasing  the  differential  gain.  Both  effects  are  achievable  by  increasing  the  well  number  of 
the  MQW  stack  from  formerly  5  well  (fig.2)  to  e.g.  10  wells  as  chosen  in  our  approach. 

The  realised  devices  were  characterised  in  the  following  way:  The  10  Gb/s  input  data  were 
generated  by  fast  external  modulation  of  a  DFB  laser  using  an  InP  based  MQW  electro¬ 
absorption  modulator.  The  3-port  MZI  converter  was  operated  in  contradirectional  configura¬ 
tion  as  depicted  in  fig.1 .  In  the  present  study  good  ER  improvement  capabilities  up  to  5.5  dB 
(from  7  dB  to  12.5  dB)  are  verified  for  the  first  time  at  10  Gb/s.  The  rise  and  fall  times 
derived  from  the  MZI  output  pulse  pattern  are  about  50  ps.  Fine  adjustment  of  the  strain  for 
the  10  well  structure  is  expected  to  yield  polarisation  insensitivity  in  analogy  to  the  above 
described  5  well  structure.  The  optical  pulse  pattern  and  eye  diagram  of  a  wavelength 
converted  10  Gb/s  signal  are  shown  in  fig. 5  and  6,  respectively. 


1 


Fig^  :  Pulse  pattern  of  10  Gb/s  wavelength  Fia.6:  Optical  eye  diagram  of  10  Gb/s 

converted  signal  wavelength  converted  signal 

Summary: 

Monolithic  integrated  Mach  Zehnder  interferometer  devices  have  been  developed  for 
efficient  wavelength  conversion.  The  all  active  waveguide  structure  has  been  realised  using 
a  MOW  layer  stack.  Optimisation  for  polarisation  insensitivity  was  achieved  by  applying 
appropriate  tensile  strain  in  the  quantum  wells.  MOW  layer  optimisation  has  been  also 
performed  for  high  speed  (10  Gb/s)  operation.  To  reach  this  goal,  differential  gain  and 
confinement  factor  have  been  increased  by  introducing  a  10  well  layer  stack.The  decribed 
approach  has  thus  proven  as  capable  to  fulfil  major  requirements  for  highly  ambitious 
system  applications. 

This  work  was  partially  supported  by  BMBF  (project  01  BP  442)  and  European  ACTS  project 
043  (KEOPS). 
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Introduction 

Optical  waveguide  crossings  are  becoming  increasingly  important  due  to  the  increasing 
complexity  of  optical  chips.  In  switching  matrices  [1],  multiwavelength  add  drop  filters  [2]  and 
optical  crossconnects  [3]  worst-case  paths  may  contain  more  than  five  or  even  ten  crossings.  In 
fibre-matched  waveguides  structures  as  used  in  lithium  niobate  or  silica-based  technology, 
crossings  with  very  low  crosstalk  and  loss  can  be  realised  [4,5].  We  have  found  that  in  highly 
integrated  semiconductor  devices  crossings  may  contribute  significantly  to  the  loss  and 
crosstalk  performance.  In  this  paper  we  present  the  results  of  a  series  of  experiments  for  design 
of  high-performance  semiconductor  waveguide  crossings. 
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Figure  1.  Schematic  diagram  of  the  used  waveguide  structure. 


Design 

We  performed  our  experiments  using  a  ridge-type  waveguide  structure  as  depicted  in  figure  1. 
The  performance  of  waveguide  crossings  realised  in  this  structure  has  been  analysed  using  two 
methods.  Firstly,  the  theory  of  Multiple  Scattering  Interaction  (MSI)  [6]  was  used  in 
combination  with  a  2D  Effective  Index  Method  (EIM).  From  the  analysis  it  can  be  found  that 
for  specific  values  of  the  intersection  angle  -  also  referred  to  as  magic  angle  -  the  crosstalk 
vanishes.  For  the  analysed  waveguide  structure  the  MSI  predicts  a  magic  angle  at 
10-11  degrees  and  one  at  30-35  degrees,  as  depicted  by  dashed  lines  in  graphs  (a)  and  (b)  of 
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figure  2.  Secondly,  a  2D  Beam  Propagation  Method  (BPM)  was  used  for  comparison.  The 
results  of  this  analysis  are  shown  as  solid  lines  in  the  same  graphs.  It  can  be  seen  from  these 
graphs  that  the  BPM  does  not  predict  a  magic  angle  at  10-1 1  degrees.  The  fabrication  tolerance 
of  the  magic  angle  was  investigated  by  analysing  the  effect  of  a  change  in  the  width  of  the 
waveguide.  A  0.2  |a.m  change  in  the  waveguide  width  results  in  a  shift  of  the  magic  angle  of 
1  degree.  We  investigated  the  crossings  experimentally  in  an  interval  of  a  few  degrees  around 
both  predicted  magic  angles.  For  more  accurate  measurement  of  the  excess  loss  five  crossings 
were  placed  in  series. 


Intersection  angle  [deg] 


(b)  5  to  15  20  25  30  35  40 

Intersection  angle  [deg] 

Figure  2.  Crosstalk  values  versus  intersection  angles,  for  TE  polarisation  (a)  and 
for  TM  polarisation  (b).  Lines  denote  predictions:  2D-BPM  simulations  (solid 
line)  and  theory  according  to  [4]  (dashed  line). 

Fabrication 

Waveguide  crossings  have  been  fabricated  in  a  MOCVD-grown  InP/InGaAsP(X.g  =  1.3  jim)/ 
InP  ridge  waveguide  structure.  A  100  nm  thick  PE-CVD  deposited  SiNx  film  was  used  as 
masking  layer,  and  waveguides  were  RIE  etched  using  CH4/H2  to  a  depth  of  80  nm  into  the 
guiding  layer  employing  an  etch/descum  process  to  reduce  the  scattering  losses  [7].  Waveguide 
losses  were  measured  1.8  dB/cm  for  both  TE  and  TM  polarisation. 
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Experimental  results 

A  Fabry-Perot  laser  operating  at  1508  nm  was  used  to  measure  the  crosstalk  and  excess  loss  of 
the  crossings.  Measurement  results  of  the  crosstalk  are  shown  in  graphs  (a)  and  (b)  of  figure  2 
for  TE  and  TM  polarisation,  respectively.  Crosstalk  values  lower  than  -30  dB  are  measured  for 
angles  greater  than  30  degrees.  It  can  be  seen  that  the  MSI  gives  a  good  prediction  of  the 
position  of  the  magic  angles,  whereas  the  BPM  also  gives  a  good  quantitative  prediction. 
Figure  3  shows  the  excess  loss,  which  reduces  to  values  of  less  than  0.3  dB  for  intersection 
angles  greater  than  30  degrees  for  both  TE  and  TM  polarisation. 


Figure  3.  Excess  loss  of  the  crossings:  lines  denote  2D-BPM  predictions. 

Conclusion 

Waveguide  crossings  with  small  intersection  angles  have  been  fabricated  in  a  InP-based 
waveguide  structure.  Measurements  yielded  crosstalk  values  of  less  than  -30  dB  and  excess 
loss  values  of  less  than  0.3  dB  for  intersection  angles  down  to  30  degrees,  for  both  TE  and  TM 
polarisation.  It  is  shown  that  the  MSI  correctly  predicts  the  magic  angles.  A  2D-BPM  gives  a 
good  quantitative  fit  to  the  experimental  results.  Further  improvement  of  semiconductor 
waveguide  crossing  performance  will  gain  importance  with  increasing  complexity  of  circuit 
designs. 
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Introduction. 

Waveguide  structure,  consisting  of  two 
coupled  waveguides  was  extensively  studied 
[1-2],  Nowadays  many  practically  useful 
integrated  optics  devices  are  based  on  it. 
Recently  this  structure  attracted  the  atten¬ 
tion  of  researchers  again  because  several 
new  possibilities  of  its  usage  were  found. 
The  subject  of  investigation  is  a  pair  of 
waveguides:  singlemode  waveguide  with 
low  refraction  index  and  multimode 
waveguide  formed  by  layer  with  high  re¬ 
fraction  index.  The  practical  realization  of 
this  structure  is  a  singlemode  fiber  with  the 
side  polished  core  and  a  waveguide  layer 
coupled  with  this  fiber.  In  recent  times  some 
very  interesting  optical  devices  (filtering, 
lasing)  were  realized  on  the  basis  of  this 
system  [3-6].  Nevertheless  the  details  of 
light  transmission  through  this  structure  re¬ 
main  non  completely  understood  up  to  now. 
The  aim  of  this  work  is  theoretical  and  ex¬ 
perimental  study  of  the  light  propagation  in 
the  structure  taking  in  to  account  variation 
of  the  coupling  coefficient  with  distance. 
We  consider  propagation  for  TE-modes. 

Theoretical  part  and  calculation 
results. 

Usually  real  structures  of  two  coupled 
waveguides  have  the  transition  regions  at 
the  input  and  output  where  the  coupling 
coefficient  varies  from  zero  to  maximum 
value  (fig.  la).  Transmission  of  the  struc¬ 
ture  is  ratio  between  the  output  radiation 
power  and  the  input  radiation  power  in  sin¬ 
glemode  waveguide:  T=Pou/Pm.  Let  us  be¬ 
gin  with  simpler  structure:  single  mode  pla¬ 
nar  waveguide  with  low  refractive  index  and 
multimode  planar  waveguide  with  high  re¬ 
fractive  index  (fig.  lb). 


Figure  la. 


Figure  lb. 


Structure  parameters  are  «g  =2,2;  rig  =1,47; 
rib  =1,46;  H=4  pm;  h=2  pm,  buffer  layer 
thickness  hb=2  pm,  l=LJ2=912  pm  at 
1=0,8  pm  {Lc  -  coupling  length).  There  are 
two  main  cases: 


1 .  Modes  in  these  waveguides  are  in  reso¬ 
nance.  In  this  situation  two  modes  of 
whole  structure  (“symmetrical”  and 
“antisymmetrical”)  will  be  excited  with 
approximately  equal  amplitudes  (see 
fig  2  curves  1,2).  During  their  propaga¬ 
tion  along  the  structure  phase  difference 
between  these  modes  arises  due  to  dif¬ 
ferent  effective  refractive  indices  that 
leads  to  energy  exchange  between  the 
waveguides.  When  the  distance  /  equals 
Lc/2  most  of  light  power  is  transferred 
to  the  thick  waveguide  and  scattered  at 
its  end  which  corresponds  to  a  dips  in 
the  transmission  characteristics  (see 
fig.  2b). 

2.  Modes  in  the  waveguides  are  far  from 
resonance.  In  this  case  only  one  mode  of 
the  structure  is  important  (see  fig. lb) 
and  great  part  of  the  energy  propagates 


IMH2-2  /  157 


in  the  singlemode  waveguide.  Overlap 
integral  of  this  mode  and  the  mode  of 
the  singlemode  waveguide  at  the  input- 
output  of  the  structure  is  near  unity 
which  provides  96-97%  light  transmis¬ 
sion.  Let  us  define  it  as  “transmission” 
mode  (fig.  5  curve  1) 


-6  -3 


Figure  2 


Figure  3 


The  analysis  of  calculation  results  (fig  3) 
gives,  that  the  distance  between  the  dips  is 
determined  by  the  following  formula  [4]: 


AX  = 


(1) 


where  «  =  (n*-n*)/2,  and  - 

effective  refractive  indices  of  “symmetrical” 
and  “antisymmetrical”  modes  respectively. 
The  width  of  these  dips  is  determined  by  the 
coupling  coefficient  that  depends  on  buffer 
layer  thickness.  The  interference  of  struc¬ 
ture  modes  with  lower  orders  (total  energy 


about  3-4%)  leads  to  small  variations  inside 
the  transition  region. 

Now  we  will  consider  the  structure  with  the 
smooth  transition  from  separate  to  coupled 
waveguides  (see  fig.  lb).  For  calculations  of 
the  transmission  T(/l)  we  used  the  cross 
section  method  where  the  buffer  thickness 
difference  at  the  adjacent  sections  was 
0.01  pm  and  structure  parameters  were  be¬ 
lieved  constant  at  each  section.  The  thick¬ 
ness  of  the  buffer  layer  at  the  structure  in¬ 
put-output  was  equal  5  pm  so  that  the 
coupling  coefficient  was  practically  negligi¬ 
ble.  The  length  of  the  sections  was  chosen 
so  that  the  parabolic  dependence  of  buffer 
layer  thickness  along  the  structure  was 
provided.  The  whole  structure  length  was 
equal  10  mm  and  the  equivalent  bend  radius 
of  the  singlemode  waveguide  R  was  ap¬ 
proximately  1  m. 


Figure  4a 
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The  wavelength  dependence  of  transmission 
for  this  structure  is  shown  in  fig. 4a, b  for 
two  cases; 

1)  Minimum  value  of  buffer  layer  thickness 
hb  \s  1  |im.  The  dependence  T(/l) 
(dashed  curve)  is  analogous  to  the  de¬ 
pendence  for  the  structure  with  the 
constant  buffer  layer  thickness,  however 
width  of  the  dips  is  less  and  determined 
by  the  large  (hb=5  pm)  buffer  layer 
thickness  at  the  structure  input-output. 

2)  Minimum  value  of  buffer  layer  thickness 
is  hb=Q  pm  and  the  minimum  thickness 
of  the  singlemode  waveguide  equals 
1  pm  (that  is,  waveguide  layer  is  par¬ 
tially  removed).  In  this  situation  T{X) 
appearance  (solid  curve)  changes  com¬ 
pletely.  The  transmission  curve  consists 
of  equidistant  peaks. 

We  should  note  that  the  peak  width  5X  in¬ 
creases  with  the  thickness  of  multimode 
waveguide  and  at  //=70-80  pm  becomes 
close  to  AX  (AX  is  spectral  distance  between 
adjacent  peaks). 


Z,  pm 

Figure  5 

The  transformation  of  “transmission”  mode 
field  distribution  along  the  structure 
(without  singlemode  waveguide  in  its  mid¬ 
dle  i.e.,  h„i„=0  pm)  is  shown  on  fig.5. 
Wavelength  was  chosen  to  be  0.8  pm  to 
ensure  maximum  transmission  (Fig.  4a,  4b). 


Experimental  results. 

Test  structure  for  experimental  investigation 
consists  of  side  polished  singlemode  fiber  at 
wavelength  633  nm  and  liquid  multimode 
waveguide  with  refractive  index  «g=T50 
(see  Fig.  6). 


Fiber  core  was  partially  removed  so  with 
air  on  the  its  top  the  transmission  was  less 
then  60%  and  10%  for  TE  and  TM  polari¬ 
zation  respectively.  A  polarization  control¬ 
ler  was  placed  at  the  input  fiber.  Microposi¬ 
tioner  was  used  to  change  multimode 
waveguide  thickness  H.  This  approach  [7]  is 
simpler  for  interpretation  of  the  results  then 
the  spectral  one. 
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We  present  results  of  measurements  (dots) 
and  PC  simulation  (solid  curve)  for  TE  po¬ 
larization  in  fig.  7a.  In  the  middle  of  the 
structure  the  thickness  of  singlemode 
waveguide  reduces  so  in  this  part  of  the 
structure  total  number  of  modes  decreases 
by  one.  Outside  the  transition  intervals  of  H 
“transmission”  mode  has  maximum  mode 
order  and  cuts  off  in  the  middle  of  the 
structure.  In  the  regions  of  transparency 
“transmission”  mode  is  not  the  mode  of 
highest  order  and  it  propagates  from  the 
beginning  to  the  end  of  the  structure.  Dis¬ 
persion  curves  (see  fig.  7b)  calculated  for 
the  structure  with  buffer  layer  thickness 
/26=1.5|im  illustrate  this  fact.  We  suppose 
that  the  diminishing  of  the  peaks  amplitudes 
with  thickness  of  multimode  waveguide  is  a 
result  of  small  radius  of  curvature  of  side- 
polished  fiber  (~30mm)  and  small  size  of  its 
core  (less  than  3^m).  Hence  conditions  for 
adiabatic  transformation  of  “transmission” 
mode  and  its  channeling  are  violated.  De¬ 
spite  the  fact  that  our  calculations  were 
made  for  planar  waveguides,  there  is  a  good 
agreement  of  peaks  widths  and  their  posi¬ 
tions  with  experimental  results. 

Conclusion 

We  investigated  the  system  of  two  coupled 
waveguides,  one  of  them  was  singlemode 
with  small  index  change  and  the  other  was 
multimode  with  large  index  change.  Dis¬ 
tance  between  the  waveguides  was  varied 
according  to  bend  of  thin  waveguide.  We 
found  that  in  the  large  wavelength  range 
light  propagates  in  the  structure  in  the  form 
of  “transmission”  mode  that  hold  most  of 
the  energy  in  the  singlemode  waveguide  at 
the  ends  of  the  structure  and  almost  com¬ 
pletely  transferred  it  into  the  multimode 
waveguide  in  the  middle  of  the  device. 

The  proposed  structure  seems  to  be  very 
promising  for  employing  in  waveguide  laser. 
Active  layer  of  the  laser  can  be  multimode 
slab  waveguide  which  is  coupled  with  opti¬ 
cal  fiber,  channel  or  singlemode  slab  wave¬ 
guide. 
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INTRODUCTION: 

By  use  of  very  high  index  ratios  between  the  cladding  and  guide.  Ultra  High  Confinement 
(UHC)  waveguides'  can  be  created,  leading  to  compact  devices  and  sharp  bends.  Furthermore, 
w  ith  the  use  of  diffractive  optics,  these  Veiy  Large  Scale  Integrated  Optical  (VLSIO)  circuits^  can 
be  interconnected  in  three  dimensional  stacks  with  high  density  connectivity-.  A  non-uniform  grating 
coupler  between  a  compact  waveguide  mode  and  a  large  Gaussian  profile  single  mode  beam  is 
designed  and  tested.  This  coupler  is  a  critical  component  for  interconnects,  allowing  efficient 
coupling  between  various  beam  shapes  and  compact  devices.  The  size  of  UHC  integrated  optical 
devices  is  10  to  100  times  smaller  per  cubic  wavelength  than  present  waveguides  and  resonators, 
resulting  in  much  higher  speed  and  lower  power.  These  UHC  w-aveguides  and  components  are 
analyzed  using  3D  Vector  Field  Finite  Element  Methods  and  microwave  scaled  experiments.'^ 

ULTRA  HIGH  CONFINEMENT  (UHC)  WAVEGUIDES: 

In  spite  of  the  offered  promise  of  high  density  integration  of  optical  components,  two-dimensional 
lateral  connectivity  to  date  has  nowhere  approached 
that  of  VLSI  electronics.  We  show'  that  by  use  of  high 
refractive  index  ratios  between  guide  and  cladding. 

Ultra  High  Confinement  (UHC)  waveguides  can  be 
created.'  Ultra  High  Confinement  is  defined  here  as 
confinement  of  light  in  a  waveguide  w'ith  an  effective 
cross-section  less  than  a  tenth  of  a  squared  free-space 
wavelength  or  a  resonator  volume  less  than  a  cubic 
free-space  wavelength  (see  Fig.  1).  Because  of  the 
high  confinement,  a  full  vector  field  analysis  of  the 
mode  is  essential  for  accuracy.  A  practical 
implementation  of  an  UHC  waveguide  in  the  mid- 

infrared  region  uses  Ge  with  refractive  index  4.0  on 
GaAs  with  refractive  index  3.27.  The  Ge  w'aveguide  can 
be  deposited  on  top  of  GaAs  substrate  via  UHV  E-Beam 
evaporation.  The  Ge/GaAs  UHC  waveguide  geometry 
can  scale  to  the  near-infrared  as  lithography  resolution 
improves  to  0. 1  pm  with  the  use  of  GaAs  with  refractive 
index  3.6  as  the  waveguide  on  AlAs  with  refractive 
index  2.9. 

Using  the  numerical  analysis^  and  microwave 
experiments  w'e  show'  that  a  large  index  ratio  confines 
the  light  into  a  waveguide  with  dimensions  as  small  as 
fraction  of  the  wavelength  of  light.  Figure  2  shows  the 
electric  field  profile  for  the  vector  component  in  the  vertical  direction  derived  numerically  using  a 
custom  (EMFlex)  finite  element  method  (FEM)  time  domain  program.  An  approximate  mode  was 
generated  and  propagated  dow'n  the  guide  until  steady  state  was  achieved.  The  effective  index  of 


Figure  2.  An  UHC  pedestal  waveguide 
with  vertical  mode  component. 


Figure  1.  Note  UHC  waveguides  have  a  mode 
area  (indicated  by  ellipse)  20  times  smaller 
than  the  typical  buried  waveguide. 
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the  mode  was  calculated  from  the  linear  phase  shift  with  distance.  This  procedure  was  repeated  for 
several  ratios  of  waveguide  height  to  free  space  wavelength.  The  new  UHC  waveguide  properties 
are  verified  with  microwave  scaled 


are  ventied  with  microwave  scaiea 
experiments.  Waveguides  are  created  with 
dielectric  materials  in  the  4  GHz  microwave 
region  wdth  the  same  dielectric  constant  as 
Ge  (4.0)  and  GaAs  (3.27).  Identical 
propagation  experiments  are  performed  using 
FEM  and  real  microwave  waveguides.  The 
effective  index,  neff,  measured  in  both  cases, 
Note  the  waveguide  size  scaling  from  the 
microwave  to  infrared  optics  is  a  perfect 
scaling.  The  results  are  shown  in  Figure  3. 
These  results  show'  good  confinement  (neir  > 
3.27)  when  h/1  is  greater  than  0.170.  In 
practice,  we  use  h/1  between  2.0  and  2. 1 . 


Effective  Index  for  Pedestal  VJavegukie 
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Figure  3.  The  comparison  of  FEM,  Theory,  and  Exp. 


3D  COUPLING  INTO  UHC  WAVEGUIDES: 

Coupling  into  the  UHC  waveguides  is  a  major 
practical  obstacle  to  their  fabrication  and  testing.  The 
usual  buried  waveguide  mode  has  relative  large  size  of 
one  to  three  free  space  wavelengths  that  allows  direct 
output  from  a  cleaved  edge.  In  contrast,  the  UHC 
waveguide  has  a  dimension  that  is  about  0.2  by  0.3 
free  space  wavelengths,  which  does  not  allow  efficient 
edge  coupling.  Instead,  the  UHC  waveguide  for  10  \xm 
light  IS  first  adiabatically  tapered  from  3.7  [im  wide  \ 

rectangular  mode  to  13.5  lam  wide  slab  mode  over  a 
length  of  40  |Lim  with  98  %  efficiency.  This  wide  mode 
is  then  scattered  at  a  21  degree  angle  into  the  substrate 
with  a  non-uniform,  but  periodic  grating  coupler.  The 
scattering  strength  of  the  coupler  teeth  is  continuously 
increased  as  the  light  propagates  so  as  to  radiate  a 
Gaussian  intensity  profile  with  a  diameter  of  120  |am. 

The  angle  in  the  substrate  is  greater  than  the  total  GauSSian  Profile  Grating  Coupler 

internal  reflection  angle  to  ensure  no  radiation  to  the  tO  Slightly  Expanded  Waveguide 

air  side  of  the  coupler.  The  highly  elliptical  spot  size  is  4^  Coupling  to  UHC  waveguide  with  a 

then  coupled  to  a  round  Gaussian  profile  beam  with  a  normal  incidence  120  mm  diameter  beam, 
diameter  of  120  |im  by  use  of  an  aspheric  off-axis 

elliptical  four  level  Fresnel  lens  on  the  back  side  of  the  substrate.  The  120  \xm  diameter  mid- 
infrared  beam  can  propagate  2  mm  in  free  space  without  diffracting,  allowing  wide  tolerance  in 
spacing  of  the  chip  stack  and  allowing  over  3000  couplers/cm^  to  be  created. 


The  large  10  |im  wavelength  allows  periodic  but  non-uniform  grating  couplers  to  radiate  a 
profile  better  matched  to  a  Gaussian  for  improved  efficiency.  The  design  uses  33  teeth  with  a  4.5 
pm  period  and  two  masks  with  two  etch  depths  of  0.2  pm  and  0.45  pm  for  sufficient  range  of  tooth 
coupling.  The  design  starts  with  measure  of  single  tooth  scattering  coefficients  for  transmission, 
reflection,  and  scatter,  including  phase  shifts.  The  fully  assembled  Gaussian  coupler  is  then 
modeled  with  EMFlex  in  two  dimensions  for  a  slab  waveguide.  The  output  of  this  coupler  was 
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measured  for  Gaussian  diameter  and  overlap.  The  final  design 
had  a  Gaussian  overlap  into  the  desired  beam  of  85  %,  The 
losses  were  from  scatter  to  air,  backwards  scatter  down  the 
waveguide,  backwards  scatter  into  the  substrate,  uncoupled 
transmission  in  the  waveguide,  and  non-Gaussian  components 
of  the  scattered  beam.  Each  of  these  scatter  losses  are  less  than 
a  few  percent.  The  coupler  uses  teeth  with  a  width  near  that  of 
a  half  wave  in  the  waveguide  because  the  1.5  pm  width 
simplifies  fabrication  and  has  minimum  back  scatter  down  the 
waveguide  (see  Figs.  5,  6  and  7). 


Figure  5.  Single  tooth  model  for 
calculating  coupling  coefficients. 
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Figure  6,  Single  tooth  transmission,  phase  shift,  and  Figure  7.  Single  tooth  reflection  and  scatter  to  air 
scatter  to  the  substrate  for  a  0.45  pm  depth.  expanded  for  the  0.2  pm  deep  tooth. 


VERY  LARGE  SCALE  INTEGRATED  OPTICS  (VLSIO): 

One  of  the  most  significant  advantages  of  the  high  index  of  refraction  is  the  ability  to  create 
waveguide  bends  with  a  radius  of  less  than  one  free  space  wavelength.  FEM  modeling  and 
microwave  experiments  show-  that  a  right  angle  bend  with  a  radius  of  7.5  pm  for  10  pm  light  has  a 
90%  efficiency  single  mode  transmission.  This  tight  bend  allows  dense  components  for  VLSIO. 

The  UHC  waveguide  has  several  advantages  in  opto-electronic  device  improvement  due  to  its 
small  size.  We  will  show  the  UHC  waveguides  are  capable  of  creating  resonators  with  volumes 
less  then  one  tenth  of  a  cubic  free  space  wavelength,  1000  times  smaller  than  VCSELs.  The  20 
times  smaller  beam  diameter  improves  gain  and  other  optical  properties  by  a  similar  factor.  The 
capacitance  of  the  devices  is  also  much  reduced,  improving  the  bandwidth  of  opto-electronic 
devices  to  near  1  THz  in  frequency  response.  Because  of  lithography  resolution,  near-infrared  use 
of  UHC  concepts  may  not  be  viable  until  the  availability  of  0.1  pm  linewidth  lithography. 
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Introductioih  The  proton-exchange  (PE)  technique'  has  been  of  considerable  interest  recently  for  the  fabrication 
of  integrated  optics  devices  in  lithium  niobate  and  lithium  tantalate.  During  the  past  ten  years,  a  lot  of  attempts 
have  been  made  to  characterize  the  PE  process  in  LiNb03  .  However,  in  the  known  reports,  several  fundamental 
issues,  hcive  not  been  addressed,  the  published  structural  investigations  of  PE  LiNbO^  waveguides  being 
uncompleted  and  restricted  to  particular  fabrication  process. 

Unfortunately,  the  results  obtained  by  Rice  and  Jackel  “ for  powders  cannot  be  applied  directly  to  the  single 
cr>  stalline  waveguides.  Indeed,  the  strains  induced  by  the  substrate-guide  interface  substantially  modify  the  proton 
concentration  and  the  crystalline  structure  of  the  exchanged  layer. 

This  work  allowed  identifying  different  crystallographic  phases  of  the  proton  exchanged  layers  in  LiNbO;,, 
considering  that  there  is  a  phase  jump  when  gradually  varying  the  proton  concentration  in  the  exchange  layer, 
causes  a  sudden  variation  of  the  cell  parameters,  even  if  the  crystallographic  system  is  conserved  Such 
approach  allowed  us  to  identify  and  describe  different  phases  in  H^Lii.^aO^  waveguides  .  The  most  interesting 
for  waveguide  fabrication  is  that  most  of  these  discontinuities  and  phase  Jumps  can  already  be  seen  on  a  rather 
simple  diagram,  which  we  shall  call  the  structural  phase  diagram,  where  the  index  increase  Ai\  is  plotted  as  a 
function  of  the  strain  normal  to  the  substrate  surface  £”33.  We  shall  present  these  diagrams  for  the  different  useful 
orientations  of  LiNb03 . 

fo  realize  the  PE  waveguides,  one  can  use  either  a  simple  exchange,  varying  the  temperature  and  the  acidity 
ol'the  bath  and  the  duration  of  the  exchange  to  modify  the  parameters  of  the  waveguide,  or  one  can  use  a  two  step 
process,  where  the  exchange  is  followed  by  annealing  whose  duration  and  temperature  further  modify  the 
w  a v  e g  u  i  d e  p aram  cte rs . 

Direct  exchange.  In  order  to  control  the  acidity  of  the  melt,  it  is  important  to  work  in  conditions  where  the  used 
product  are  stable.  This  restricts  the  number  of  possible  acids,  and  to  vary  the  bath  acidity  on  the  large  scale,  we 
used  two  kind  of  melt's:  (i)  benzoic  acid  (B.A.)  melted  at  300''C  in  sealed  ampoule  whose  acidity  can  be  reduced  by 
adding  up  to  5%  of  lithium  benzoate  (L.B.);  (ii)  glycerine  bath  around  200°C,  whose  acidity  can  be  increased  by 
adding  KHSO.,  (up  to  25  g/1)  and  decreased  by  adding  LiCl  (up  to  10  g/l).  Glycerine  solution  containing  4.5  g/1 
KHSC),  ha\e  an  acidity  similar  to  that  of  the  pure  benzoic  acid  melt. 

fhe  obtained  planar  waveguides  were  than  characterized  using  a  standard  prism  coupling  set-up  to  measure 
the  modes  effective  indices  at  633  nm  and  the  extraordinary  refractive  index  profiles  were  recon. '-Umeted  using  the 
IWKB  technique  To  improve  the  precision,  the  surface  increments  An^  were  determined  tor  ea^l.  sample  as  the 
average  between  the  IWKB  value  and  the  value  calculated  using  the  K.S  Chiang  method  ^ . 

To  investigate  the  crystal  structure  we  recorded  rocking  curves  for  different  planes  using  a  doubk  <  ’'vstal 
X-ra\'  diffractometer  DRON-3  (Cu  Ka,  radiation). 

The  six  components  of  the  strain  tensor  in  the  surface-layer  structures  can  then  be  extracted  from  the  system 
o('2N-l  equations  determined  by  analyzing  the  rocking  curves  obtained  from  N  different  planes  (with  the 
condition  N>3).  This  leads  to  rather  complicated  calculations,  but  a  lot  of  important  information  can  already  be 
obtained  from  the  observation  of  s''33  ,  the  strain  perpendicular  to  the  substrate  surface,  which  is  directly  deduced 
from  the  rocking  curves  ,  measuring  the  angular  distance  A0i,|^|  between  the  substrate  peak  and  exchange  layer 
peak:  £”33  _  aGi^i^i  -ctgGi^y  (Fig.  1).  In  most  cases  we  observed  that  in  PE  LiNb03  waveguides  on  X-,  Y-  and 

Z-cuts  the  in-  plane  deformations  £”11  ,  £'’22  negligible  (here  the  axis  X3  is  normal  to  the  plane  of 
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the  interface  and  the  planar  orthogonal  axes  Xj  and  X2  define  this  plane  and  are  chosen  arbitrarily  to  form  together 
with  X3  a  right-handed  orthogonal  set  of  axes). 

In  Fig. 2  we  plotted  the  surface  e.xtraordinary  index  increase  as  a  function  of  this  strain  for  Z-cut  and  X-cut 
substrates.  Note,  that  hfLij.^NbO;,  with  equal  composition  on  X-  and  Y-cuts  gives  similar  deformations  £”33 
and  phase  diagram  for  Y-cut  LiNbO^  is  similar  to  one  for  X-cut  except  the  regions  where  the  waveguides  can  not 
be  obtained  due  to  surface  damage  .  We  see  that  five  different  crystalline  phases  (a  and  (3i  to  PJ  can  be  obtained 
on  Z-cut  LiNb03  and  four  phases  (a  and  p,  to  P^ )  on  X-cut  by  direct  exchange.  Only  two  phases  pj  and  a  can  be 
realized  by  direct  exchange  on  Y-cut.  Future  increasing  of  proton  concentration  leads  to  surface  damage. 


fig.  1.  lypical  rocking  curves  for  PF  Z-cut  FiNbO;  structures  prepared  under  conditions,  corresponding  to  formation  0!' 
different  ff^Lii.^^NbO;,  phases;  (a)  PF:  B.A.+  2.6%  F.B..  Tpp-30Cf  C.  tpE=25  h:  (b)  PF:  Glycerin  +  KHSO^^O  g/l) .  Tp^:  =220^' 
C.  tp£=25  h.  Annealing  -  1  ,^=330^’  C.  G  h:  (c)  PF:  Glycerin  +  KHSO4  (3  g/l) ,  Tpp  =22(f  C,  tpp=25  h.  Annealing  -  'r.^=330‘’^ 
C.  t  4=30  h:  (d)  PE:  B.A.-f  F0%  F.B..  Tpp.=3()0"C.  tpp=10  h;  (e)  PF:  B.A..  fpp  =300^’  C.  tpE=l  hi  (f  PE:  Glvcerin  +  KMSO4 
( 10  g/l) .  Tpj,  =220"  C.  tpp:=25  h:  (g)  PE:  NM4H2P()4  melt.  Tp^  =230"  C  .tpp=3  h. 

PE  FiNbO;,  waveguides  can  be  assigned  to  two  families:  the  low  concentration  family  and  the  high  proton 
concentration  family.  The  phases  k,  and  k.  and  can  be  achieved  by  annealing  only. 

Low  proton  concentration  layers.  The  low  proton  concentration  as  exchanged  layers  give  graded  index  profile 
wa\'eguides  with  maximum  index  increase  low'er  then  0.03.  Crystallographic  parameters  also  varies  gradually  but 
remain  ver\'  similar  to  those  of  substrate:  s"33  is  hardly  measurable  on  the  rocking  curves.  The  crystallographic 
phase  which  correspond  to  the  a-phase  identified  by  C.Rice  and  J.JackeP  '  ,  can  be  obtained  using  the  low  acidic 
bath  such  as  benzoic  acid  melts  at  SOO'^^C  and  containing  at  least  2.5%  of  lithium  benzoate  or  by  annealing.  The 
corresponding  w'aveguides  are  very  low  loss,  and  according  to  very  small  modification  of  the  crystalline  cell  one 
can  expect  that  the  electro-optic  and  the  non-linear  coeff  cients  are  not  or  ver\  little  affected  by  the  exchange". 

High  proton  concentration  layers.  In  this  case,  the  situation  is  more  complicated,  and  W'C  see  in  Figure  1  that  4 
ditferent  phases  p,  to  P4  have  been  identifed  on  Z-cut  FiNbO^.  Only  the  p,  -phase  can  be  present  alone  on  top  of 
the  structure,  the  exchanged  layer  is  then  homogeneous  and  the  index  profile  is  step  like.  The  P2  and  p-  phases  can 
be  found  only  in  combination  wdth  p,  phase,  organized  as  a  sublayers,  for  the  rocking  curves  presenting  two 
peaks  with  more  or  less  signal  coming  a  graded  or  disordered  intermediate  area  (Fig.l).  The  P4  phase  can  be  found 
onK  in  combination  with  two  low'er  proton  concentrated  phases  P3  and  p,  .  The  exchanged  layer  is  then  stratified 
in  tw'o  or  three  homogeneous  layers  presenting  two  or  three  different  indices,  which  has  been  verified  by  slowly 
removing  the  surface  layer  by  successive  polishing. 


IMH4-3  /  165 


Note,  that  stress-free  lattice  constants  a  and  c  in  the  P^-  and  P|  -phases  are  so,  that  in  the  P2-phase  Ac/Aa  >1, 
and  sufficiently  larger  than  it  in  p, -phase,  where  Ac/Aa  <1 ,  and  the  strained  states  realized  in  waveguides  on  Z- 
and  X-cuts  are  quite  different  (Fig.2):  in  PE  layers  on  X-cut  8'’33  (p. -phase)  <  £"33  (Pi -phase)  and  on  Z-cut  : 
£”33  (p.-phase)  >  £"33  (Pi  -  phase).  This  leads  to  rather  unexpected  situation  when  layer  with  larger  proton 
concentration  exhibits  the  lower  deformation  £”33  on  X-cut  (Fig.2).  However,  the  larger  deformation  £”33  on  Z- 
cut  corresponds  to  larger  proton  concentration  (Fig.2). 


Fig.2.  Phase  diagrams  of  H,Li,.,,Nb03  on  Z1  (a)  and  XI  (b)  substrates.  They  give  the  dependence  of  the  index 
variation  An^  measured  at  =  632.8  nm  versus  the  deformations  £”33  normal  to  surface  plane.  The  arrows  show  the 
directions  in  which  proton  concentration  increases. 

In  each  of  these  phases  the  relationship  between  £"33  and  Aiie  is  linear  but  with  very  different  parameters. 
When  the  exchange  layer  is  a  pure  P|  -phase,  the  -0-H  absorption  spectra  present  only  one  sharp  polarized 
peak  around  3505  cm''  ,  but  in  other  three  phases  we  could  observed  a  broad  absorption  band  centered  at  3240 
cm  '  which  is  the  signature  of  randomly  distributed  protons  in  the  crystal  which  might  induce  instabilities  or 
interfere  with  the  properties  of  the  w'aveguide. 

As  shown  in  Table  I,  using  Z-cut  substrates,  one  goes  from  Pi  to  P4  -phase  by  increasing  the  acidity  of  the 

melt. 

Table  1 .  PE  conditions  to  realize  different  H^Lii.^NbO^  phases. 


Phase 

Lithium  Benzoate  in  Benzoic  acid  melt 
(300“  C) 

KHSO4  in  glycerine 

Others 

a 

>2.5  % 

p, 

1  to  2.5  % 

stearic  acid,  oleic  acid 

P: 

0% 

0  to  4  g/l 

P:. 

0 

00 

cinnamic  acid 

Pa 

t  20  g/l 

phosphoric,  pyroposphoric  acids, 
ammonium  dihydrophosphate 

We  were  able  to  observe  that  the  propagation  losses  which  are  higher  than  1  dB/cm  than  the  P2  -phase  is 
present,  are  in  the  order  of  0.5  dB/cm  only  in  the  pi  -phase.  One  has  also  to  expect  very  different  electro-optic  and 
nonlinear  properties  of  these  waveguides.  This  possibility  of  having  waveguides  presenting  the  same  index  profile 
but  with  ver\  different  crystalline  structure  is  responsible  for  great  variety  of  appreciation's  concerning  PE 
w  aveguides  one  can  find  in  literature  of  the  past  ten  years. 

Influence  of  annealing.  Another  important  fabrication  parameter  of  PE  w^aveguides  is  the  annealing.  Actually, 
most  of  the  published  results  were  obtained  using  heavily  annealed  PE  w^aveguides,  whose  index  profile  indicates 
that  they  are  in  the  a  -phase.  During  the  annealing,  the  sample  is  heated  up  to  temperature  generally  higher  than  the 
exchange  temperature.  If  the  annealing  is  long,  the  main  effect  of  the  temperature  increase  is  to  increase  the 
mobility  of  the  protons  which  diffuse  deeper  in  the  crystal,  lowering  the  proton  concentration.  It  is  than  possible  by 
annealing  either  to  involve  in  a  given  phase  or  to  go  from  a  high  concentration  phase  to  a  low  concentration  phase. 
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For  example,  starting  in  the  P2  -phase  one  can  reach  the  p,  -phase.  Under  certain  annealing  conditions  the 
anomalous  refractive  index  increasing  have  been  observed 

By  further  annealing  at  the  temperatures  up  to  330'^C  we  were  able  to  observe  two  layers  in  the 
cr\'stallographic  phases  we  call  here  as  and  phases  (low  temperature  modifications)  which  cannot  be 
observed  b>  direct  proton  exchange.  By  annealing  at  the  temperatures  above  380''C  the  high  temperature 
modification  of  these  phases  we  call  and  (high  temperature  modifications)  were  observed Note, 

that  the  phase  transition  k/  ’  is  not  sharp  and  after  annealing  at  350''C  an  intermediate  state  was  realized. 

Fig. 2  shows,  that  in  contrast  to  k,  -phase,  where  (k/'^  )  <  8"33  (k/''  ),  the  low^  temperature  K2  -phase 
characterized  by  larger  deformations  on  both  X-  (Y-)  and  Z-cuts:  s'U3  (k2^'^  )  >  s’'33  (k2^^^  ).  The  K2  phases  can 
be  found  only  in  combination  with  k,  .  Further  annealing  leads  to  disappearing  of  K2  -phase.  The  associated 
waveguides  also  present  graded  index  profiles  w  ith  surface  index  increasing  ranging  between  0.03  and  0.07  and 
quite  important  mode  coupling  and  propagation  losses  (in  the  order  of  several  dB/cm).  During  the  future 
annealing,  a  layer  in  the  a  -phase  forms  at  the  interface  with  the  substrate,  and  the  Kj  -phase  progressively 
disappears  to  let  place  to  a  high  quality  pure  a  -phase  layer,  similar  to  layers  produced  by  direct  exchange. 

The  plot  Ai\.  on  An^,  obtained  for  annealed  PE  waveguides  clear  exhibits  the  discontinuity  around  Ai\.  0.03 
(Fig. 3),  corresponds  to  k,  -  a  phase  boundary. 

An, 


Fig. 3.  The  plot  Ai\.  versus  An^,  for  different  1  f  Li,. ^NbO^  phases.  The  arrows  show 
the  directions  in  w  hich  proton  concentration  increases. 

By  using  dark  m-hne  interferometric  analysis  for  w-aveguides  with  stcp-like  index  profiles’"  and  reverse 
exchange  for  graded  waveguides’^  the  ordinary  indices  in  all  M  Jdi.^NbO;  phases  have  been  obtained. 

Conclusion.  We  think  that  appearing  due  to  lattice  parameters  mismatch  stresses  lead  to  dividing  of  equilibrium 
p-phase  and  all  observed  Pj  phases  are  subdivision  of  p  -  phase  identified  by  C. Rice  and  J.Jackel""’  for  pow'ders. 
Evidently,  the  phase  mixture  (a+(3)  can  not  exist  in  single  crystalline  layers  and  in  this  proton  concentration 
interval  the  single  crystalline  phases  k,  and  K2  are  realized. 
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Planar  Waveguide  AR  Lattice  Filters:  Advantages  and  Challenges 
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A  planar  waveguide  lattice  filter  architecture  based  on  ring  resonators  has  been 
investigated.  A  potential  application  is  for  very  narrowband  filters  in  WDM  systems  and 
networks.  The  merits  of  the  architecture  are  described,  and  practical  considerations  for  realizing 
such  filters  are  discussed  including  the  design  for  non- zero  waveguide  loss  and  compensation  of 
fabrication  variations.  The  proposed  architecture  is  shown  in  Fig.  1  for  a  third  order  filter.  The 
architecture  is  similar  to  fiber  architectures  [1,2];  however,  the  waveguide  layout  minimizes  the 
ring  length  so  that  the  maximum  Free  Spectral  Range  (FSR)  can  be  achieved  given  the  bend 
radius  hmit  for  a  particular  fabrication  process.  When  described  in  the  Z-domain,  the  transfer 
functions  for  Eoi/Eii  and  Eo'Ma  are  Autoregressive  (AR)  responses  having  only  poles,  while 
Eoi/Ei2  and  Eoa/Eii  are  Autoregressive  Moving  Average  (ARMA)  responses  having  both  poles  and 
zeroes.  The  architecture  is  general  in  the  sense  that  it  can  be  extended  to  any  number  of  stages 
and  the  location  of  the  poles  can  be  set  by  determining  appropriate  coupling  ratios  and  phases  for 
each  stage  using  a  filter  synthesis  algorithm  previously  described  [3]. 

The  following  desired  characteristics  are  used  to  compare  the  proposed  architecture 
against  other  planar  waveguide  filters  which  have  been  demonstrated: 

1 )  require  as  few  stages  as  possible  for  a  panicular  set  of  passband/stopband  requirements 

2)  general  architecture:  extendable  to  higher  orders  and  control  over  pole  and/or  zero  locations 

3)  meet  various  FSR  requirements 

4)  low  passband  loss 

5)  a  direct  synthesis  algorithm 

6)  ability  to  test  individual  stages  after  fabrication  for  compensating  errors 

Planar  waveguide  filters  based  on  Mach  Zehnder  Interferometers  [4],  waveguide  array 
multiplexers  [5],  and  transversal  filters  [6]  are  MA  filters.  It  is  well  known  that  for  the  same 
number  of  stages,  an  ARMA  filter  can  provide  a  flatter  passband,  sharper  rolloff,  and  better 
stopband  rejection  compared  to  MA  filters.  For  comparison,  a  third  order  MA  filter  can  provide  a 
minimum  rejection  of  13  dB  and  a  FWHM  of  0.24*FSR  while  a  third  order  AR  filter  can  provide 
a  minimum  rejection  of  25  dB  and  a  FWHM  of  0.19*FSR.  Because  the  bend  radius  is  limited  for 
current  silica-based  waveguides  to  around  4mm,  a  concern  is  increasing  the  achievable  FSR  for 
AR  filters.  Several  architectures  using  the  Vernier  effect  have  been  demonstrated  [7];  however, 
these  are  not  general  architectures  and  the  passband  width  is  very  narrow  since  the  largest  ring 
dominates  the  passband  characteristics.  With  respect  to  passband  loss,  lattice  architectures  offer 
significantly  better  performance  compared  to  cascaded  single  stages  or  transversal  filters.  A 
comparison  of  three  cascaded  single  stage  AR  filters  to  a  three  stage  lattice  filter  shows  that  the 
lattice  architecture  can  achieve  100%  passband  transmission  for  a  lossless  filter  while  a  tradeoff 
exists  for  the  cascade  architecture  between  peak  transmission  and  fit  to  a  desired  filter  function 
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[3],  A  direct  synthesis  algorithm  has  been  derived  for  the  AR  lattice  filter  architecture  which 
includes  ring  loss  and  terms  for  relative  phase  differences  between  stages  [3]. 

When  fabricated,  variations  in  the  effective  index  contribute  to  random  phase  variations 
between  stages.  The  magnitude  of  depends  on  the  fabrication  process  and  is  proportional  to 
the  square  root  of  the  ring  length  [8].  Fabrication  errors  cause  the  relative  phase  between  stages 
to  be  different  in  a  lattice  filter  which  can  render  it  unusable  if  the  errors  cannot  be  compensated. 
Waveguide  heaters  allow  the  phase  to  be  modified  after  fabrication;  however,  a  method  to 
determine  the  needed  phase  compensation  after  fabrication  is  required.  An  analysis  algorithm  for 
the  AR  lattice  filter  which  determines  both  the  coupling  ratios  and  phase  errors  based  on  the 
measured  AR  magnitude  response  has  been  reported  [3J.  This  algorithm  is  applied  to 
measurements  on  an  as-fabricated  third  order  filter  below. 

The  third  order  filter  was  designed  and  passed  on  to  Photonic  Integration  Research,  Inc. 
for  fabrication  using  Ge-doped  Si02  on  a  Si  substrate  with  a  core-to-cladding  refractive  index 
difference  of  A=0.75%.  Test  couplers  with  the  same  design  as  those  used  in  the  filter  were  placed 
on  the  chip  so  that  they  could  be  measured  independently  of  the  filter  function.  Straight 
waveguides  were  also  included  to  estimate  the  fiber-to-waveguide  coupling  loss.  The  magnitude 
responses  were  measured  using  a  tunable  laser  to  step  in  approximately  0.001  nm  increments  and 
a  wavemeter.  The  group  delay  was  measured  by  amplitude  modulating  the  input  at  100  MHz  and 
detecting  the  change  in  phase  of  the  detected  signal  as  a  function  of  wavelength. 

The  as-fabricated  N=3  AR  response  for  one  FSR  is  shown  in  Fig.  2  for  both  the  vertical 
and  horizontal  polarizations.  The  phase  errors  relative  to  (t)i  were  calculated  from  the  analysis 
algorithm  to  be  (|)2,3={0.8,-1.1 }  radians  for  the  horizontal  and  {-0.1, -2.0}  radians  for  the  vertical 
polarization.  The  change  in  phase  with  applied  power  to  the  waveguide  heater  was  calibrated. 
Then,  the  necessary  power  was  calculated  and  applied  to  minimize  the  phase  difference  between 
the  stages.  Since  there  is  a  large  waveguide  birefringence,  both  polarizations  cannot  be 
compensated  with  the  same  heater  settings  in  general.  The  compensation  was  set  for  the  vertical 
polarization.  The  results  are  shown  in  Fig.  3  for  the  AR  and  ARMA#1  (Eoa/En)  magnitude 
responses.  The  difference  in  the  calculated  phase  errors  between  stages  on  the  optimized 
response  was  reduced  to  0.1  radians.  The  peak  filter  transmission  increased  from  -4.9  dB  to  -2.7 
dB  and  the  maximum  rejection  relative  to  the  peak  transmission  increased  from  15.9  dB  to  21.3 
dB.  By  optimizing  the  coupling  ratios  for  a  given  ring  loss,  the  peak  transmission  can  be 
optimized  and  the  rejection  increased.  For  example,  coupling  ratios  of 
k={0.548,0.166,0. 166, 0.548}  and  a  loss  of  0.5  dB/ring  would  yield  a  peak  transmission  of  -1.9 
dB  and  a  maximum  rejection  of  33.3  dB.  The  optimum  passband  transmission  for  the  AR 
response  occurs  when  the  zeroes  of  the  ARMA  response  are  on  the  unit  circle.  The  stopband 
rejection  is  degraded  as  the  zeroes  move  away  from  the  unit  circle. 

One  difficulty  in  applying  the  analysis  algorithm  is  that  there  are  2''  possible  solutions  for 
the  coupling  ratios  and  phase  terms  based  on  the  AR  magnitude  response.  The  test  couplers, 
adjacent  to  the  filter,  were  used  to  identify  the  particular  solution.  However,  if  the  solutions  have 
ver>'  similar  coupling  ratios,  an  alternate  method  is  needed.  The  particular  solution  is  easily 
distinguished  by  measuring  either  ARMA  group  delay  response.  The  group  delay  for  the 
ARMA#1  response  is  shown  in  Fig.  4.  The  location  of  the  ARMA  zeroes  with  respect  to  the  unit 
circle  can  be  determined  by  the  sign  of  the  group  delay  assuming  that  the  zeroes  are  closer  to  the 
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unit  circle  than  the  poles.  For  example,  the  vertical  polarization  has  a  dominantly  negative  group 
delay  implying  that  the  zeroes  have  magnitudes  less  than  one.  This  points  to  the  minimum  phase 
solution  as  the  particular  solution  from  8  possible  solutions. 

The  first  general  AR  planar  waveguide  filter  was  demonstrated.  Its  distinct  advantages 
compared  to  other  planar  waveguide  architectures  is  the  smaller  number  of  stages  for  a  given 
stopband  rejection  and  control  over  the  passband  width.  In  addition,  fabrication  errors  can  be 
compensated  using  an  analysis  algorithm  combined  with  waveguide  heaters  or  alternate  methods 
to  vary  the  refractive  index  in  a  particular  stage.  This  is  significantly  different  than  other 
technologies,  such  as  thin  film  filters,  where  there  is  no  control  over  the  filter  shape  after 
fabrication.  The  major  disadvantage  is  the  maximum  FSR,  currently  <0. 1  nm,  which  is  limited  by 
the  maximum  refractive  index  difference  for  silica  waveguide  fabrication  processes.  Other 
waveguide  material  systems  which  allow  tighter  bend  radii  and  alternate  structures  to  create  the 
ring,  such  as  mirrors  and  gratings,  need  to  be  explored  to  increase  the  maximum  FSR. 
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Figure  1 .  N-3  AR  Lattice  Filter  Architecture  Figure  2.  As-fabricated  AR  Magnitude  Response 
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Abstract  -  We  present  the  design  and  experimental  verification  of  a  Tapered-Rib 
Adiabatic-Following  Fiber  Coupler  (TRAFFIC).  This  device  is  a  monolithically  integratable 
structure  fabricated  in  AlGaAs  designed  to  increase  the  coupling  efficiency  of  conventional 
optical  fibers  to  tightly  confined  semiconductor  waveguide  devices.  This  approach  offers 
the  possibility  of  significantly  reducing  fiber  butt  coupling  losses  from  the  typical  values  of 

7  to  10  dB  to  values  of  0.5  to  3  dB.  This  long-standing  packaging  problem  is  one  of  the 
major  impediments  to  the  widespread  acceptance  of  semiconductor-based  optoelectronics. 
Moreover,  the  design  can  be  implemented  with  minimal  increase  in  fabrication  complexity 
since  it  uses  only  epitaxial  growth,  lithography  and  etching. 

The  absence  of  an  efficient  and  low  cost  means  of  connecting  optical  fibers  to 
semiconductor  waveguide  devices,  e.g.  diode  lasers  and  Photonic  Integrated  Circuits 
(PICs),  currently  poses  one  of  the  largest  barriers  to  wide  scale  commercialization  of 
semiconductor  optoelectronic  devices.  This  problem  arises  because  of  the  small  size  of 
semiconductor  waveguides  compared  to  optical  fibers.  The  1-2  |im  elhptical  modal  spot  of 
typical  semiconductor  waveguides  is  neither  well-sized  nor  shaped  to  match  to  the  standard 

8  pm  circular  modal  spot  of  conventional  single  mode  optical  fibers.  Direcdy  coupling 
light  from  a  fiber  to  the  small  waveguide  typically  results  in  7  to  10  dB  insertion  loss. 
Non-integrated  solutions  that  improve  this  coupling,  often  increase  coupling  at  the  cost  of 
tight  alignment  requirements  (<  1  pm)  and  are  thus  prohibitively  expensive. 

Recently  several  groups  have  presented  devices  that  address  this  problem  with  a 
variety  of  monohthic  approaches.  An  excellent  survey  of  these  is  provided  by  Ref.  1.  Our 
designs,  shown  in  Fig.  1,  are  essentially  Shani-Henry  couplers,'  similar  to  that  discussed 
in  Ref.  3,  but  with  several  modifications  to  increase  performance  and  process  tolerance. 

Many  tapered  mode  converters  of  this  type  require  very  sharp  taper  points,  and  the 
rounding  of  these  points  increases  the  losses  substantially.  We  have  avoided  this  potendal 
process  intolerant  problem  in  our  device  designs.  Figs.  2  shows  the  effect  of  a  finite  taper 
width  on  the  overlap  of  the  conventional  fiber  mode  with  the  mesa  mode.  Notice  that 
coupling  losses  are  low  and  constant  for  taper  end  widths  less  than  1.8  pm. 
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The  major  theoretical  source  of  loss  in  our  designs  are  caused  by  stair-stepping 
brought  about  by  pixelization  in  the  lithographic  processes.  This  effect  is  shown  in  Fig.  3. 
It  is  worth  pointing  out  that  the  excess  loss  due  to  pixelization  can  be  minimized  in  the 
design  process  and  that  it  scales  linearly  with  pixel  size. 

We  have  fabricated  and  tested  devices  exhibiting  losses  of  approximately  2-3  dB 
(0.5  dB  to  mesa  overlap  loss  +  0.8  dB  excess  taper  loss  -t-  -1.2  dB  estimated  material/ 
waveguide  loss).  The  devices  currently  being  fabricated  incorporate  lower-loss  waveguide 
designs,  have  improved  coupling  to  fiber  and  excess  pixelization  taper  loss.  These  devices 
have  predicted  fiber-to-waveguide  coupling  losses  to  0.9  dB  (  0.2  dB  fiber  to  mesa  overlap 
loss  -I-  0.5  excess  taper  loss  +  0.2  dB  estimated  materiaFwaveguide  loss).  Furthermore, 
for  these  new  designs  a  ±10%  variation  in  our  most  critical  processing  dimension  brings 
about  a  variation  of  only  ±0.15  dB  respectively. 


Fig.  1  A  schematic  representation  of  the  (TRAFFiC)  device,  (a)  Top  View,  (b)  A  cross 
section  showing  the  mesa  mode,  which  is  the  fundamental  mode  of  the  device  for  rib 
widths  <1.8  |J.m  for  the  device  discussed  in  Fig.  2-3.  (c)  A  cross  section  showing  the 
fundamental  mode  in  transition  from  the  mesa  to  the  rib.  This  transition  occurs  at  rib 
widths  of  1. 8-2.1  pm.  (d)  A  cross  section  showing  the  fundamental  mode  confined  to  the 
rib,  widths  of  greater  than  2. 1  pm. 
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Fig.  2  The  effect  of  finite  taper  point  width  on  fiber-to-mesa  waveguide  coupling.  For  all 
rib  waveguide  widths  less  than  1.8  (im  the  fundamental  mode  is  confined  to  the  mesa 
where  it  has  good  overlap  with  conventional  fiber. 


Fig.  3  Excess  taper  loss  at  each  pixel  step.  The  lateral  tapering  of  the  upper  rib  waveguide 
is  comprised  of  a  series  of  discrete  steps.  The  size  of  the  steps  is  defined  by  the  pixel  size 
of  the  lithographic  mask.  This  figure  shows  the  loss  associated  with  each  of  the  (0.025 
|a,m)  steps.  The  sum  of  these  individual  losses  sets  an  lower  bound  on  the  excess  taper 
loss. 
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The  accumulation  of  electron-hole  charge  within  a  strained  piezoelectric  quantum  well 
establishes  a  dipole  which  opposes  the  strain-generated  electric  field  [Ij.  Such  structures 
therefore  exhibit  a  carrier-density  dependent  blue-shift  of  the  inter-band  transitions  fl,2].  In 
this  paper  this  field-screening  process  is  studied  using  forward-biased  current  injection  in 
strained  piezoelectric  quantum  well  lasers.  The  implications  of  the  findings  for  various 
optoelectronic  applications  are  outlined. 

This  study  is  based  on  the  separate  confinement  heterostructure  quantum  well  diode 
depicted  in  Fig.l.  The  choice  of  indium  composition  and  the  (lll)B  substrate  establishes  a 
field  across  the  quantum  well  of  expected  to  be  «  220kV/cm  after  accounting  for  an  expected 
30%  reduction  in  the  piezoelectric  constant  for  Ino,23Gao.77As  [3]. 

Broad-area  cleaved-facet  lasers  of  66pm  width  and  various  lengths  were  prepared  by 
standard  techniques.  Room  temperature  pulsed  electroluminescence  (EL)  spectra  were  recorded 
from  the  end-facets  of  the  lasers  under  test.  In  this  configuration  the  emission  spectrum  is 
modified  by  amplification  and  re-absorption  as  it  passes  through  the  waveguide.  While  the 
peak  in  the  electroluminescence  response  of  such  a  structure  does  not  directly  correspond  to 
the  peak  in  the  gain  spectrum  (or  the  absorption  edge),  its  blue-shift  with  injection  current  is, 
nevertheless,  a  useful  guide  to  the  extent  of  the  in-well  field  screening  that  is  occuring. 

Fig. 2.  shows  a  schematic  plan  representation  of  a  bar  of  cleaved  facet  lasers  with  cavity 
lengths  ot  1000pm.  Because  of  the  {110}  family  of  cleavage  planes  some  of  these  lasers  have 
non-paraLlel  facets.  In  our  case,  however,  these  devices  prove  to  be  a  fortunate  'by-product’. 
EL  spectra  measured  at  different  current  densities  are  shown  in  Fig. 3  for  a  laser  with  parallel 
facets.  The  EL  peak  undergoes  a  blue-shift  with  increasing  current  density,  indicating  that  the 
field  screening  effect  associated  with  in-well  charge  accumulation  prevails  over  any  red-shift 
that  may  be  expected  from  forward-biasing  of  the  diode.  The  spectral  width  narrows  until  a 
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lasing  mode  appears  at  1023nm.  Further  increases  in  current  yield  a  linear  increase  in  the 
output  power  per  facet,  but  no  further  spectral  shift. 

To  establish  whether  there  is  an  unscreened  “residual”  field  across  the  quantum  well  at 
threshold  we  have  recorded  the  spectral  shift  from  an  adjacent  non-parallel  facet  laser.  Fig. 4. 
compares  the  observed  EL-shift  for  both  of  these  devices.  The  peak  positions  are  comparable 
below  the  threshold  of  the  parallel  facet.  The  non-parallel  facet  laser,  however,  which  offers  a 
comparatively  poorer  facet  reflectivity,  does  not  achieve  threshold  over  this  range  of  current 
densities.  Instead,  the  EL-peak  proceeds  to  shift  beyond  that  of  the  parallel-facet  laser.  In 
contrast,  the  spectral  shift  in  the  parallel-facet  device  is  arrested  once  lasing  is  achieved 
because  the  in-well  carrier  concentration  is  “pinned”  preventing  any  further  field-screening. 
Thus,  by  effectively  raising  the  lasing  threshold  in  the  non-parallel  facet  device  and 
consequently  allowing  higher  in-well  carrier  densities,  we  are  able  to  conclude  that  there  is 
indeed  a  residual  unscreened  electric  field  across  the  quantum  well  at  the  lasing  threshold  of 
the  parallel  facet  laser. 

Further  evidence  for  partial  field-screening  at  threshold  is  provided  by  simply  examining 
the  spectral  characteristics  of  lasers  of  differing  cavity  length.  The  spectral  gain  per  unit  length 
is  determined,  in  part,  by  the  carrier  concentration,  which  is  also  the  parameter  which  controls 
the  degree  of  field-screening.  Thus,  the  threshold  round-trip  gain  is  satisfied  for  different  in¬ 
well  carrier  concentrations,  resulting  in  a  cavity-length  dependence  of  the  lasing  wavelength. 
We  see  this  to  be  the  case  in  Fig. 5  which  plots  the  lasing  wavelength  as  a  function  of  cavity 
length  and  the  threshold  current  density.  Since  the  Fabry-Perot  mode-spacing  (typically  less 
than  Inm)  is  considerably  smaller  than  the  22nm  spectral  range  observed,  this  lasing 
wavelength  dependence  on  cavity  length  can  only  be  explained  by  gain-spectrum  tuning 
associated  with  field-screening  in  the  piezoelectric  quantum  well.  In  essence,  this  is  a  simple 
approach  to  fabricating  monolithic  multi-wavelength  lasers.  Furthermore,  by  controlling  the 
overall  gain-length  product  at  threshold  in  a  3-terminal  device,  it  should  prove  possible  to 
adjust  the  intra-cavity  gain/loss  and  allow  quasi-continous  tunability  between  the  Fabry-Perot 
modes. 

This  demonstrated  ability  to  control  the  band-gap  in  piezoelectric  quantum  well  lasers  has 
has  potential  applications  in  optoelectronic  integration.  For  example,  monolithic  laser- 
modulator  integration  can  be  achieved,  if  there  is  a  residual  electric  field  in  the  quantum  well 
once  lasing  occurs.  Since  the  piezoelectric  field  offers  a  means  of  blue-shifting  the  absorption 
edge  [3],  the  output  of  the  piezoelectric  quantum  well  laser  will  be  modulated  if,  by  applying 
sufficient  reverse  bias  to  a  monolithically  integrated  modulator,  the  well  field  can  be  reduced 
to  below  that  of  the  laser  [4]. 
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Fig.l:  Layer  structure  of  the  SCH  laser 


Fig.  2:  Schematic  representation  of  a  bar  of  cleaved 

lasers  (i)  parallel  facets,  (ii)  non-parallel  facets 
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Fig.  3:  EL  spectra  from  parallel-facet  laser 


Fig.  4;  EL  peak  position  vs  current  density 
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Fig. 5  :  Cavity  length  and  threshold  current  density 
dependence  of  the  lasing  wavelength 
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Introduction 

An  optoelectronic  matrix  switch  consists  of  an  interconnected  array  of  photodiodes 
or  photoconductors.  In  an  N  x  N  switch  each  of  N  input  lightwave  signals  is  divided 
among  all  of  the  detectors  in  a  row  of  the  matrix  by  a  passive  optical  distribution  network. 
All  of  the  detectors  in  a  column  are  electrically  connected  so  that  their  output  signals 
are  summed.  Switching  action  is  based  on  using  the  detectors  bias  voltages  to  switch 
their  responsivities.  Connections  are  made  simply  by  biasing  the  detectors  at  the  desired 
crosspoints.  High  data  rate  transmission  (>  1  GHz)  and  excellent  interchannel  isolation 
(>  60  dB)  have  been  demonstrated  in  a  10  x  10  switching  matrix  [1]. 

The  optical  signals  are  normally  distributed  using  a  network  of  optical  fiber  splitters. 
However,  for  matrix  swatches  with  a  large  number  of  elements  the  complexity  of  the  fiber 
network  and  the  need  to  align  fibers  precisely  to  the  individual  detector  elements  are 
obstacles  to  practical  implementation.  Manufacturing  costs  could  be  reduced  and  reliability 
improved  by  integrating  optical  w^aveguides  into  the  matrix  structure  to  distribute  the 
lightw'ave  signal  on-chip  without  the  use  of  optical  fiber  splitters.  Waveguide  coupling 
also  eliminates  the  problem  of  metal  contacts  shadowing  some  of  the  input  light.  In  this 
paper  w-e  report  on  the  integration  of  AlGaAs  rib  w^aveguides  into  a  4  x  4  array  of  GaAs 
metal-semiconductor-metal  (MSM)  detectors. 

Device  Design 

Figure  1  illustrates  the  structure  of  the  combined  MSM  detector  and  integrated  waveg¬ 
uide.  A  0.75  pm  thick  Alo.isGao  ssAs  w’aveguide  layer,  Alo.20Gao.80As  cladding  layers  and 
a  0.4  pm  thick  GaAs  absorbing  layer  were  grown  on  undoped  GaAs  substrates  by  metal- 
organic  chemical  vapour  deposition.  A  series  of  straight  parallel  rib  w^aveguides  w'as  pat¬ 
terned  using  w'et  chemical  etching.  The  absorbing  layer  w’as  removed  everyw^here  except 
for  small  mesas  distributed  along  the  w'aveguides  to  form  the  detector  elements.  Prior  to 
metallization  a  dielectric  laj^er  w'as  deposited  wdth  window's  opened  above  the  mesas  for  the 
interdigital  metal-semiconductor  contacts.  The  metal  w'as  Ti:Pt:Au  wdth  2  pm  finger  width 
and  spacing.  Where  the  GaAs  layer  is  removed  the  w'aveguides  support  a  single  transverse 
mode  w'hile  in  the  detector  regions  w'e  calculate  that  there  are  tw'o  modes.  Assuming  an 
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GaAs  Substrate 


Figure  1:  Structure  of  the  waveguide-coupled  MSM  photodetector 

absorption  coefficient  of  10"*  cm"^  for  GaAs,  the  beam  propagation  method  as  well  as  a 
mode  expansion  method  [2]  were  used  to  determine  the  optical  attenuation  in  the  detector 
regions  as  a  function  of  the  upper  cladding  layer  thickness.  A  cladding  thickness  of  0.3  fiiii 
was  selected  based  on  its  calculated  3  dB  absorption  length  of  approximately  100  nm. 

Figure  2  illustrates  a  4  x  4  matrix  switch  that  was  fabricated  using  ten  micron  wide 
parallel  waveguides  spaced  300  pm  apart.  Along  each  waveguide  the  detector  lengths  were 
45,  63,  106  and  177  pn?.  These  values  were  selected  in  an  effort  to  equalize  the  power 
absorbed  in  each  detector  in  spite  of  the  decrease  in  optical  power  along  the  guide. 
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Figure  2:  Layout  of  a  waveguide-coupled  4x4  optoelectronic  matrix 
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Experimental  Results 

Several  test  structures  were  located  on  the  chip  adjacent  to  the  matrix  switch.  Among 
these  were  straight  passive  waveguides  containing  no  detector  elements.  By  performing  cut¬ 
back  experiments  on  these  we  determined  that  the  propagation  loss  in  the  passive  sections 
was  less  than  2  dB  jcm  at  a  wavelength  of  820  nm.  The  attenuation  in  the  detector  sections 
was  measured  by  comparing  the  photocurrents  in  a  pair  of  identical  detectors  that  were 
located  in-line  on  a  common  waveguide.  In  a  separate  test  structure  a  chain  of  several  small 
electrically  isolated  MSM  detectors  was  fabricated  on  a  single  GaAs  mesa.  Their  relative 
photocurrents  exhibited  an  exponential  decay  from  which  the  attenuation  coefficient  in 
the  detector  regions  was  inferred.  The  result  obtained  was  a  =  115  ±  16  cm~^,  which 
corresponds  to  3  dB  absorption  length  of  of  60  ^ni.  A  responsivity  of  0.1  AjW  in  a 
100  fim  long  detector  element  was  measured  at  a  modulation  frequency  of  1  GHz  using  a 
lightwave  analyzer. 


Fi  gure  3:  Pliotociirrent  as  a  function  of  wavelength  in  each  of  four  photodetectors  located 
in-line  on  a  single  waveguide.  Signals  are  normalized  to  constant  input  power 

The  observed  attenuation  coefficient  was  larger  than  the  value  that  was  assumed  in 
designing  the  detector  lengths.  Consequently,  at  a  wavelength  of  820  nm,  the  leading 
detectors  in  a  row  of  the  4x4  matrix  switch  extracted  more  power  from  the  waveguide 
than  did  the  trailing  detectors.  This  imbalance  could  be  corrected  by  increasing  the  upper 
cladding  layer  thickness  to  reduce  the  coupling  to  the  GaAs  layer.  In  order  to  simulate  a 
wide  range  of  coupling  strengths  the  820  iim  diode  laser  was  replaced  by  a  titanium:sapphire 
laser  that  could  be  tuned  continuously  on  cither  side  of  the  GaAs  band  edge.  Figure  3  shows 
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the  photocurrents  in  the  four  in-line  detectors  as  a  function  of  wavelength.  For  each  curve 
the  detector  under  test  was  biased  at  five  Volts  while  the  other  three  detectors  were  not 
biased.  As  the  wavelength  increases  the  absorption  in  the  lead  detector  decreases  allowing 
more  light  to  reach  the  subsequent  detectors.  At  wavelengths  near  873  nm  the  optical  power 
delivered  to  the  four  detectors  is  very  nearly  balanced  as  is  desired  in  an  optoelectronic 
matrix  switch. 

At  short  wavelengths,  well  below  the  band  edge  of  GaAs,  the  fraction  of  the  input  power 
that  is  absorbed  in  each  detector  is  independent  of  its  bias  voltage.  At  these  wavelengths, 
a  well-designed  matrix  switch  will  share  the  input  power  evenly  among  all  of  the  detectors 
along  a  given  waveguide.  For  wavelengths  at  or  above  880  nm,  near  the  GaAs  band 
edge,  the  optical  absorption  coefficient  is  significantly  greater  in  high  electric  fields  than 
it  is  in  zero  field  due  to  the  Franz-Keldysh  effect.  This  effect  can  enhance  the  absorption 
in  detectors  that  are  biased  in  their  on-state  relative  to  the  absorption  in  the  off-state 
detectors.  Thus  more  efficient  use  can  be  made  of  the  available  input  power.  We  observed 
that  for  a  wavelength  of  880  nm  a  280  /im  long  detector  transmitted  30%  more  light  when 
biased  at  zero  Volts  than  it  did  at  five  Volts.  The  photocurrent  in  subsequent  detectors 
on  the  same  waveguide  was  correspondingly  increased.  This  difference  will  be  increased  by 
modifying  the  MSM  electrode  configuration  to  improve  the  overlap  between  the  waveguide 
mode  and  the  DC  electric  field.  The  potential  exists  for  fabricating  nearly  transparent 
optoelectronic  switches  that  do  not  absorb  any  signal  in  the  off-state. 

In  summary,  we  have  demonstrated  the  use  of  integrated  optical  waveguides  for  optical 
signal  distribution  in  a  4  x  4  optoelectronic  matrix  switch.  Uniform  power  division  was 
achieved  by  optimizing  the  lengths  of  the  individual  detector  elements  and  good  respon- 
sivity  was  obtained  for  modulation  frequencies  greater  than  1  GHz.  The  feasibility  of 
using  the  Franz-Keldysh  effect  to  enhance  the  fraction  of  the  optical  power  coupled  into 
the  on-state  detectors  was  demonstrated. 
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Introduction 

We  report  on  intensity  modulation  with  Mach-Zehnder  interferometers  comprising 
Si3N4  rib  waveguides  on  oxidized  silicon  wafers  (Si02/Si)  as  substrates.  No  electro-optic 
materials  are  required.  The  phase  shifts  are  induced  nanomechanically  by  varying  the  width  d 
of  an  air  gap  between  a  dielectric  plate  E  and  a  section  of  a  rib  waveguide  [1].  The 
"effective -refractive-index-shifting"  element  E  is  realized  in  the  form  of  a  cantilever 
fabricated  by  etching  of  oxidized  silicon  wafers  (Si02/Si);  the  cantilever  is  elastically 
deflected  under  electrostatic  forces. 

Previously,  we  had  worked  with  elements  E  in  form  of  bridges  (made  of  Si02/Si) 
spanned  over  a  planar  (slab)  or  rib  waveguide  made  of  dipcoated  Si02-Ti02  films  on 
Si02/Si  substrates;  we  demonstrated  electro-nanomechanically  actuated  intensity  modulation 
with  a  difference  or  polarimetric  interferometer  [2,3]. 

All  experiments  are  performed  at  wavelength  X  =  633  nm. 

Waveguide  fabrication 

Planar  Si3N4  waveguides  with  thicknesses  of  =  162...  164  nm  and  refractive  index 
np=  2.013  grown  by  an  LPCVD  process  on  oxidized  silicon  substrates  (Si02/Si)  were 
procured  from  CSEM,  Neuchatel.  The  2.02  |im  thick  Si02  buffer  layers  of  refractive 
index  ngp  =  1.46  had  been  grown  by  wet  oxidation. 

We  fabricated  rib  waveguides  (see  Fig.  1)  and  Mach-Zehnder  interferometers 
comprising  rib  waveguides  and  Y-junctions  (see  Fig.  2)  by  etching  the  planar  Si3N4 
waveguides  in  buffered  hydrofluoric  acid  (BHF).  The  ribs  were  protected  by  a  positive 
photoresist  (Shipley,  Microposit®  SP25-15)  irradiated  in  contact  exposure  through  a 
chromium  mask. 


Fig.  1.  Rib  waveguide  with  electro-nano¬ 
mechanically  actuated  effective-refractive- 
index-shifting  element  E  in  form  of  a 
cantilever. 

S,  silicon  wafer;  BL,  Si02  buffer  layer; 

F,  waveguiding  film  of  thickness  d-p\ 

FE,  etched  fdm;  A(ip,  rib  height;  w,  rib  width. 
Lx,  Ly,  ly,  lateral  dimensions  of  cantilever; 
h,  depth  of  etched  channel; 

,  initial  air-gap  width. 

U(t),  time-dependent  applied  voltage. 
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We  determined  the  thicknesses  and  d^,  respectively,  of  the  etched  and  non-etched 
(waveguiding)  films  FE  and  F  by  prism  incoupling.  The  difference  AJp  =  Jp  -  r/pg  gave  the 
value  of  the  step  or  rib  height  (Arfp  =  3...18  nm).  For  step  heights  of  AJp  =  6...18  nm, 
scanning  experiments  with  a  mechanical  stylus  instrument  (Alpha-Step  200  from  Tencor 
Instruments)  confirmed  the  results  of  the  optical  measurements;  the  etch  rate  was 
determined  to  be  rggp  =  0.4  nm/min  at  room  temperature.  With  the  prism-incoupling 
method,  we  also  measured  the  refractive  indices  np  and  npg  of  the  etched  and  non-etched 
films  and  found  them  to  be  equal,  i.e.,  np  =  npg.  Previously,  we  had  worked  with  Si02-Ti02 
rib  waveguides  produced  by  BHF-etching  of  dipcoated  Si02-Ti02  planar  waveguiding  films. 
With  that  material,  however,  we  found  that  etching  reduces  the  thickness  but  also  the 
refractive  index  of  the  etched  film  FE  [3] . 

We  fabricated  rib  waveguides  with  widths  w=1.5...10  |a,m  and  rib  heights 
Ar/p  =  3. ..6  nm.  With  the  prism-outcoupling  method,  we  investigated  the  number  of  transverse 
modes  propagating  in  the  rib  waveguides.  Light  was  end-fire  coupled  into  the  waveguides 
and  outcoupled  by  the  prism.  The  resulting  "m-lines"  show  how  many  different  transverse 
modes  propagate  in  the  rib  waveguide.  Previously,  we  had  used  a  grating  coupler  instead  of  a 
prism  for  analogous  measurements  of  Si02-Ti02  rib  waveguides  [3].  With  the  prism- 
outcoupling  method  we  found  that  Si3N4  rib  waveguides  with  widths  of  w  =  1.5. ..2.0  |im  and 
rib  heights  of  AJp  =  3.0  nm  are  monomode  waveguides. 

Mach-Zehnder  interferometers  comprising  monomode  rib  waveguides  and  Y-j  unctions 
were  etched;  the  interferometers  were  35  mm  long,  and  the  distance  between  the  two  legs 
was  500  |im  (see  Fig.  2). 

Fabrication  of  effective-refractive-index-shifting  elements 

The  effective-refractive-index-shifting  elements  E  were  made  of  oxidized,  390  p,m 
thick  silicon  wafers  with  3.5  pm  thick  Si02  layers.  The  cantilever  with  a  hammer-like  head 
with  breadth  of  ly  =  0.4  mm  was  realized  by  a  two-stage  etching  process  in  BHF.  The 
symmetric  form  of  the  cantilever  was  chosen  in  order  to  minimize  any  undesirable 
deformation.  To  facilitate  free  movement  of  the  cantilever,  a  channel  of  depth  h  =  0.7  pm 
or  1 .4  pm,  respectively,  was  provided  between  the  hammer-like  head  and  the  base  of  the 


Fig.  2.  Mach-Zehnder  interferometer 
with  electro-nanomechanically  actuated 
effective-refractive-index-shifting 
element  E  in  form  of  a  cantilever 
projecting  over  one  leg  of  the 
interferometer. 


X 


d(t),  time-dependent  air-gap  width. 
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cantilever.  The  air-gap  width  between  the  hammer-like  head  of  the  undeflected  cantilever 
and  the  rib  waveguide  was  rfg  =  1^0  The  cantilevers,  with  widths  of  Lx  =  3. ..5  mm  and 
lengths  of  Ly=  1.26  or  2.52  mm,  respectively,  were  attached  to  the  waveguide  by  optical 
contact  bonding. 

Modulation  experiments 

Electro-nanomechanical  actuation 

We  apply  the  electric  voltage  U( t)-UQ-\-  AU( t)  to  the  condenser  formed  by  the 
conducting  silicon  part  of  the  element  E  (cantilever)  and  the  waveguide  substrate  (Si), 
respectively.  The  resulting  electrostatic  pressure  is  p(t)  «  [U(t)]'^  ~  Uq^  +  lU^AUit).  The  gap 
width  is  reduced  from  its  initial  value  ,  defined  by  the  etching  process,  to  d(t)  =  dQ  +  Adit) 
where  d^  is  the  median  gap  width  which  is  adjusted  with  the  d.c.  voltage  Uq.  The  time- 
dependent  voltage  AU(t)  induces  gap-width  variations  Ad(t)  =  CpAp(t)  oc  CpU^AUit),  where 
Cp  is  the  frequency-dependent  compliance  of  the  cantilever,  and  thus,  effective-refractive- 
index  changes  AN/t)  =  (dN/dd)  ■  Ad(t)  where  j  =  TE  or  TM  [1].  A  guided  mode  propagating 
under  the  element  E  experiences  a  time-dependent  phase  shift  AO/r)  =  2%iLx/X)ANj(t). 

Mach-Zehnder  interferometer 

The  Mach-Zehnder  interferometer  transforms  the  phase  modulation  AOf/)  into  an 
intensity  modulation.  The  output  power  of  the  Mach-Zehnder  is  proportional  to 
1  +  cos{AO(rj  +  AOq}  where  AOq  is  a  constant  phase  shift,  which  is  adjusted  by  a  small 
change  of  the  d.c.  voltage  Uq.  In  the  points  of  operation  I  and  El  (where  A^hg  =  -Till 
and  +rU2,  respectively),  the  output-power  variations  are  linearly  proportional  to  small  phase 
shifts  AOfr).  In  point  of  operation  E  (where  A<l>o  =  7t),  the  interferometer's  response  is 
quadratic  for  small  phase  shifts  A<I>( t). 


0.1  0.2  0.3  0.4  0.5  0 

time  t  (ms) 


0.1  0.2  0.3  0.4 

time  f  (ms) 


0.5  0  0.1  0.2  0.3  0.4 

time  t  (ms) 
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Fig.  3.  Intensity -modulation  experiments  with  Mach-Zehnder  interferometer. 
TMqo  modes;  X  =  633  nm.  Point  of  operation  I,  AOg  =  -7t/2. 

AU(t),  time-dependent  applied  voltage;  Uq  =  50  V,  d.c.  voltage; /=  10.0  kHz, 
fundamental  frequency.  Shown  are  the  output  intensities  for  sinusoidal, 
saw-tooth  and  square-wave  voltages  AU(t). 
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Results  of  intensity-modulation  experiments  with  TMqo  modes  are  shown  in  Figs.  3 
and  4.  In  Fig.  3,  the  periodic  input  signals  AU(t)  of  different  form  have  a  fundamental 
frequency  /=  10  kHz  which  is  smaller  than  the  1st  (mechanical)  resonance  frequency 
=  85  kHz  of  the  cantilever.  The  response  time  of  the  system  is  about  At=  100  |xs.  The 
frequency  response  of  the  cantilever  seems  to  be  linear  up  to  frequencies  of  about  10  kHz. 
Therefore,  the  electro-nanomechanically  actuated  interferometric  modulator  can  be  used  for 
input  signals  AU(t)  of  arbitrary  form  up  to  this  frequency.  But  for  sinusoidal  input  signals 
AU(t),  modulation  at  much  higher  frequencies  is  attainable.  Fig.  4  shows  that  for  sinusoidal 
input  signals  AU(t)  at  a  frequency /=  2.0  MHz  well  above  the  1st  resonance  frequency an 
intensity  modulation  results. 


time  t  (ps) 


Fig.  4.  Intensity-modulation  experiments 
as  in  Fig.  3  with  a  higher  modulation 
frequency  of/=  2.0  MHz. 

AU(t),  sinusoidally  time-dependent 
applied  voltage;  Uq  =  70  V,  d.c.  voltage. 
Shown  are  the  output  intensities  versus 
time  t  at  different  points  of  operation  I,  II, 
and  III,  where  the  constant  phase  shifts  are 
A<I>o  =  -Till,  K,  and  ti/2,  respectively. 


Conclusions 

We  demonstrated  electro-nanomechanically  actuated  intensity  modulators  with  Mach- 
Zehnder  interferometers  comprising  Si3N4  rib  waveguides.  With  the  present  design  of  the 
effective-refractive-index-shifting  element  E  in  form  of  a  micromachined  cantilever  made  of 
silicon  and  Si02,  response  times  of  about  100  (xs  were  achieved. 
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1.  Introduction 

MQW  lasers  show  a  different  electrical  behaviour  than  bulk  lasers  [1]  which  cannot  be 
modeled  with  previous  circuit  simulation  models.  Electron  and  hole  densities  are  different, 
even  in  undoped  structures  (see  e.g.  [2]  and  [3]).  Hence  it  is  necessary  to  extend  existing 
simulation  models  with  emphasis  on  the  electrical  behavior.  Rigorous  simulations  however, 
require  large  amounts  of  calculation  time  for  deriving  a  DC  characteristic  with  suitable 
resolution. 

The  model  is  the  application  of  a  new  semiconductor  device  simulator  for  quasineutral 
structures  including  MQW  layers  with  an  extension  for  simple  single-mode  modeling  of  the 
optical  behaviour.  It  is  implemented  in  a  standard  SPICE  circuit  simulation  program.  The 
model  is  applied  to  a  Fabry-Perot  laser  diode  and  compared  to  measured  data. 

Carrier  transport  is  not  modeled  using  a  rate  equation  approach  which  would  simulate  only 
diffusion  but  not  electric  field-induced  drift  current.  Furthermore,  the  influence  of 
independent  SCH  layers  on  both  sides  of  the  active  layer  is  taken  into  account. 

The  device  is  treated  as  layers  which  are  each  modeled  by  three  simulation  circuit  parts  taking 
over  specific  simulation  tasks.  An  overview  of  the  circuit  parts  is  shown  on  Fig.  1 . 

2.  Continuity  and  optical  circuit  (Fig.  2) 

This  circuit  part  models  the  continuity  equation  and  the  optical  behavior.  It  is  equivalent  to 
rate  equations  for  all  carrier  and  photon  densities  of  each  layer. 

The  model  uses  two  unconfined  (three-dimensional)  and  a  number  of  confined 
(two-dimensional)  carrier  populations  in  the  active  MQW  region  and  electron  and  hole 
populations  in  seperate  confinement  layers.  Quasineutrality  is  assumed  in  all  layers,  which 
imposes  a  single  equation  making  the  carrier  densities  linear  dependent  with  an  offset 
representing  doping. 

Simple  single-mode  rate  equations  with  nonlinear  gain  have  been  applied.  The  optical  gain  is 
a  polynomial  ot  the  confined  electrons  and  holes  taking  part  in  the  lasing  action.  Additional 
spontaneous  emission  collected  by  the  broad-area  detector  is  modeled  by  an  extra  branch 
resulting  in  excellent  of  sub-threshold  differential  L/I  curve  (Fig.  5). 
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3.  Fermi  level  circuit  (Fig.  3) 

Fermi  levels  are  referenced  to  a  single  freely  chosen  single  level  in  mid-gap.  Based  on  excess 
carrier  densities  relative  to  the  carrier  densities  if  the  Fermi  level  were  at  the  reference  level, 
the  Fermi  levels  are  modeled  by  diodes  with  intrinsic  series  resistance,  following  a  method 
described  in  [4], 

Capture/escape  currents  are  modeled  by  a  new  method.  The  basic  current  is  proportional  to 
the  difference  between  the  unconfined  population  and  the  theoretical  value  of  the  unconfined 
population  if  the  Fermi  level  were  at  the  position  of  the  actual  Fermi  level  of  confined  states. 
This  current  is  supposed  to  model  phonon  scattering  accurately,  and  may  be  modified  e.g.  by 
multiplication  by  a  polynomial  function  of  unconfined  carrier  densities  to  model 
carrier-carrier  interaction  accurately. 

4.  Electrical  terminal  circuit  (Fig.  4) 

Combined  drift/diffusion  currents  are  modeled  proportional  to  mobility  and  Fermi  level 
gradient  [5]. 

5.  Application  to  undoped  1.55  pm  InGaAsP  MQW  lasers 

A  quantum-mechanical  analysis  showed  two  hole  states  and  a  single  confined  electron  state  in 
the  structure  under  investigation.  The  unstrained  InGaAs  well  was  4.6  nm  and  the  1.3  pm 
InGaAsP  barrier  was  17.5  mu  wide. 

Due  to  strongly  different  concentration  of  electrons  and  holes,  an  effective  reduction  of 
differential  gain  by  a  factor  of  1 .6  has  been  found  compared  with  an  investigation  based  on  an 
optical  modulation  response  measurement  method  [6]. 

With  this  laser,  there  was  no  significant  roll-off  due  to  carrier  transport. 

Fig.  6  shows  a  comparison  of  various  simulation  runs  and  measured  lasers.  Fig.  7  shows 
frequency  response  curves  of  optical  power  output  and  various  carrier  densities. 


6.  Numerical  convergence 

Static  caracteristics  have  been  obtained  by  transient  analysis  starting  at  very  low  current 
levels.  It  is  important  to  use  many  points  on  the  stimulus  curve,  since  the  solution  should  not 
skip  to  the  unphysical  branch  with  negative  photon  density. 

SPICE  assumes  infinite  resistance  of  current  sources  in  finding  an  initial  bias  point.  Making 
an  AC  analysis  to  obtain  the  frequency  response,  a  real  bias  bias  point  has  to  be  found  with  a 
carrier  transport  conductivity  many  orders  of  magnitude  larger  than  at  reference  condition. 

The  circuit  needs  modification,  transfering  conductance  from  the  current  source  to  real 
resistors. 

7.  Conclusion 

The  proposed  circuit  gives  a  pictorial  impression  of  more  detailed  MQW  laser  modeling.  Still 
there  remains  a  mismatch  to  measured  electrical  characteristics.  It  seems  to  be  necessary  to 
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include  leakage,  which  has  been  done  in  another  work  [7]  with  algebraically  assigned 
elements,  which  is  sold  as  an  option  by  many  SPICE  vendors. 

The  measurements  were  done  at  Tele  Danmark  Research,  Denmark.  This  was  partly 
supported  by  the  European  Community  COMETT  programme. 
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Figure  1.  Interaction  of  modeling  circuit  parts. 
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Figure  6,  Vokage/Current  derivative  I —  versus  voltage.  Series  resistance  has  heen 
dl 

subtracted.  A  number  denotes  the  number  of  quantum  wells  of  measured  lasers. 
Zero  is  a  bulk  1 .3  pm  laser,  thirteen  is  a  laser  with  a  p-doped  active  region.  N 
denotes  a  model  neither  taking  into  account  carrier  transport  nor  capturc/escape. 
M  denotes  the  reference  model.  Mep  exaggerates  capture  times  by  a  factor  of  10, 
Met  exaggerates  the  inlluence  of  carrier  transport  by  assuming  a  lower  mobility 
divided  by  10. 


Figure  7,  Frequency  response  (arbitrary  units.  10  dB/div.).  The  curves  show  the  optical 

power  (top),  second  confined  holes,  unconlincd  holes,  unconfmed  electrons,  first 
confined  holes,  confined  electrons  (bottom).  The  marker  is  at  6.38  (IMz. 
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Introduction 

Grating  coupled  surface  emitting  lasers  (SELs)  are  desirable  for  high  power  applications  due 
to  their  large  emitting  areas.  The  advantages  of  these  kinds  of  optical  sources  in  comparison 
with  the  conventional  edge-emitting  lasers  have  caused  an  interest  in  geometries  to  fully 
develop  their  potentials.  Among  these  geometries,  circular  grating  SELs  (CGSELs)  have 
additional  advantage  of  producing  a  low  divergence  circularly  symmetric  beam.  Recently, 
a  novel  CGSEL  with  the  emission  from  the  center  has  been  reported  [1]  .  The  schematic 
view  of  this  new  geometry  is  illustrated  in  Fig.l.  Surface  emission  is  produced  by  the 
presence  of  second-order  circular  grating  at  the  center  of  the  structure.  The  annular  active 
region  surrounding  the  second-order  grating  provides  optical  gain,  and  the  first-order  circular 
grating  section  which  encloses  both  the  annular  region  and  the  central  region  is  largely 
responsible  for  producing  the  optical  feedback.  The  most  obvious  advantage  of  this  new 
design  in  comparison  with  the  previous  CGSELs  is  that  the  emitting  region  is  located  at  the 
center  of  the  laser. 


Figure  1:  Schematic  view  of  the  new  CGSEL 

To  obtain  important  design  criteria  and  predict  the  characteristic  behavior  of  this  kind  of 
CGSELs,  thorough  analysis  and  modeling  is  needed.  As  a  first  step,  this  paper  attempts  to 
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obtain  the  laser  modes  and  its  far  field  pattern  at  threshold. 


Formulation 

The  approach  employed  in  this  paper  consists  of  two  parts.  In  the  first  part,  appropriate 
coupled-mode  (CM)  equations  have  been  solved  in  each  region  and  the  laser  characteristic 
equation  has  been  obtained  by  applying  the  boundary  conditions  at  the  interfaces  between 
neighboring  regions  and  those  at  the  center  and  the  edge  of  the  laser.  To  include  the  effect 
of  radiation  field  on  the  resonant  modes,  we  have  modified  the  CM  equations  reported  in 
the  investigation  of  first-order  resonant  circular  grating  [2]- [4].  These  modified  equations  are 
valid  in  the  limit  of  large  radius  approximation.  Therefore,  the  laser  gain  and  its  frequency 
obtained  via  these  equations  are  more  accurate  than  those  obtained  simply  by  ignoring  the 
radiation  field.  In  order  to  obtain  the  radiation  pattern  of  the  laser,  its  resonant  frequency 
and  resonant  modes  have  been  used  to  model  the  second  order  grating  as  an  equivalent 
volume  current  source  in  a  planar  multilayered  structure.  To  make  this  model  applicable,  in 
the  second  part  of  our  approach,  a  closed-form  spectral  Green’s  function  (Hankel  transform 
domain)  has  been  developed  for  an  arbitrary  planar  multilayered  stack. 

Spectral  Green’s  function 

We  have  developed  spectral  Green’s  function  for  an  arbitrary  multilayered  structure  in  the 
Hankel  transform  domain.  The  idea  behind  such  a  development  is  based  on  the  method  first 
used  for  predicting  the  characteristic  behavior  of  a  circular  patch  conductor  printed  on  a 
grounded  dielectric  slab  [5].  The  use  of  two  recurrence  formulas  for  Bessel  functions 

are  the  fundamental  principles  on  which  this  method  is  based.  It  was  originally  applied  to 
a  surface  current  excitation  of  a  single-layered  structure.  By  using  the  method  of  matrix 
formulation  for  layered  structures,  we  have  extended  this  method  to  obtain  the  closed-form 
Green’s  function  for  arbitrary  number  of  layers,  surrounded  by  substrate  from  the  bottom 
and  by  cladding  from  the  top.  In  addition,  we  have  considered  the  volume  current  excitation. 
The  only  restriction  of  this  method  is  that  no  transverse  component  of  exciting  current  is 
allowed.  This  restriction,  however,  is  not  a  limiting  factor  for  our  purposes  because  the 
dominant  TE  laser  mode  does  not  produce  such  a  component.  We  have  also  corrected  the 
formulas  related  to  the  radiation  pattern  in  the  original  work  [5].  Strictly  speaking,  obtaining 
the  radiation  pattern  requires  inverse  Hankel  transform,  which  was  not  done  in  that  work. 

Radiation  Pattern 

Based  on  the  method  described  above,  we  have  obtained  the  radiation  pattern  at  threshold  of 
a  circularly  symmetric  beam  for  three  different  structures.  In  order  to  see  the  dependence  of 
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the  radiation  pattern  on  the  aperture  area,  all  electrical  and  geometrical  parameters  of  three 
CGSELs  are  kept  constant  except  for  radii  r<.  of  the  central  regions.  The  radii  were  chosen 
lOAi  ,  2OA2,  and  3OA3,  where  Aj  (i  =  1,2,3)  are  the  lasing  wavelengths.  The  parameters  are 
chosen  such  that  the  lasing  wavelengths  are  near  1.55  fim.  In  each  case,  the  excitation  of 
the  laser  is  such  that  the  amplitude  of  the  resonant  modes  at  the  center  of  the  laser  are  the 
same.  As  illustrated  in  Fig. 2,  the  divergence  of  the  beam  is  less  than  1°  FWHM  in  almost 
aU  cases. 


0  0.5  1  1.5  2  2.5  3  3.5  4  4.5  5 

Polar  angle  (degree) 

Figure  2:  Radiation  pattern  of  a  CGSEL  with  three  different  central  radii,  r<-.  (a)  =  lOAi, 

(b)  ne  =  20A2,(c)  n,  =  30A3. 


Conclusion 

The  second-order  grating  profile  has  been  modeled  as  an  equivalent  current  source  exciting 
a  multilayered  stack  in  a  novel  CGSEL.  The  far  field  pattern  of  the  laser  has  been  found 
from  the  spectral  Green’s  function  (Hankel  transform  domain)  of  a  multilayered  stack.  More 
detailed  discussion  about  the  method  and  results  will  be  presented  at  the  conference. 
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Modeling  of  a  Passive  Polarization  Converter  Free  of  Longitudinally-Periodic 

Structure 

Marie  Fontaine  and  Velko  P.  Tzolov,  University  du  Qudbec  k  Hull,  C.P.  1250,  Succursale  B,  Hull 
(Qudbec) ,  Canada  J8X  3X7,  Tel:  (819)  773-1626,  Fax:  (819)  773-1638 

Recently,  there  has  been  increased  interest  in  the  analysis  of  passive  polarization  converters  made 
with  longitudinally-periodic  structures  owing  their  great  polarization  conversion  efficiency.  Three 
kinds  of  passive  polarization  converters  made  with  periodic  structures  are  presently  reported  in  the 
literature:  asymmetric  loading  section  converters,  tilted  waveguiding  section  converters  and 
asymmetric  angled  facet  section  converters.  The  most  promising  version  so  far  is  the  angled  facet 
converter  recently  proposed  by  van  der  Tol  et  al  [1,2].  This  polarization  converter  contains  a  series 
of  N  waveguide  sections  with  right-asymmetric  (RAS)  and  left-asymmetric  (LAS)  cross-sections 
with  angled  facets.  Simplified  structure  of  RAS  and  LAS  cross-sections  with  angled  facet  are 
shown  in  Fig.  1.  For  any  converters  made  of  longitudinally-periodic  structures,  the  main  factors 
limiting  the  performance  of  the  devices  are  the  losses  which  occur  at  the  junction  between  the 
neighboring  sections  and  the  difficulty  of  fabricating  the  multi-section  devices.  In  this  paper,  using 
a  vectorial  finite-element  propagation  method  to  model  angled  facet  converters,  it  is  shown  that 
polarization  rotation  effects  in  such  devices  can  be  maximized  with  an  appropriate  choice  of  the 
facet  angle  a  and  the  base  rib  width  w.  Optimization  of  structure  design  achieves  a  device  free  of 
longitudinally-periodic  structure  with  a  very  short  converting  length  and  low  losses. 


(a)  (b)  (c)  (d) 


Fig.  1  Above:  Top  view  of  one  section  of  a  angle  facet  converter  with  two  subsections  (RAS  and  LAS). 

Below:  The  orientation  of  the  optical  axis  for  RAS  (or  for  LAS),  x  and  y  axis  and 
the  polarization  state  of  the  propagating  signal  5  for  4  stages  (a,  b,  c,  d)  along  the  propagation. 
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In  the  following  we  describe  the  operating  principle  of  passive  polarization  converters  which  is 
based  on  a  well-known  property  of  birefringent  optical  devices:  if  a  linearly  polarized  signal  is 
launched  into  a  longitudinally  invariant  waveguide  and  the  input  polarization  state  makes  an  angle  y/ 
(counter-clock-wise)  with  respect  to  one  of  the  optical  axes  of  the  device,  after  a  propagation  length 
equal  to  half  of  beat- length,  the  output  polarization  state  of  the  signal  makes  an  angle  -i/r  (clock¬ 
wise)  with  respect  to  the  same  optical  axes.  To  date,  all  passive  polarization  converters  analyzed  in 
the  literature  have  been  based  on  the  use  of  asymmetric  cross-section  waveguide  structures.  The 
facet  angle  structure  illustrated  in  Fig.  1  is  an  example.  The  asymmetry  in  the  cross-section  of  the 
waveguide  structure  produces  a  rotation  of  its  optical  axis  around  a  fixed  coordinate  system  defined 
as  the  Cartesian  coordinate  system  having  the  x  axis  parallel  and  the  y  axis  perpendicular  to  the 
epitaxial  layers  of  the  waveguide.  As  shown  in  Fig.  1,  the  optical  axis  and  of  the  facet  angle 
structure  are  rotated  at  an  angle  -cp  (clockwise)  with  respect  to  the  x  and  y  axis.  Let  us  consider  a 
longitudinally-periodic  structure  with  a  period  A  (the  beat-length  of  the  waveguide)  having  two 
subsections:  a  right-asymmetric-structure  (RAS)  and  a  left-asymmetric-structure  (LAS)  respectively 
(Fig.  1  above).  In  Fig.  1  (a-d),  the  optical  axes  for  RAS  and  LAS  are  identified  as  u^,  and  «/,  v/ 
respectively.  The  optical  axis  rotation  is  an  angle  of  for  RAS  (Fig.  la)  and  an  angle  of  (p  for 
LAS  (Fig.  Ic).  If  an  x-polarized  signal  is  launched  in  the  RAS,  making  an  angle  of  ^  in  relation  to 
the  optical  axis  (Fig.  la),  the  output  polarization  state  at  the  end  of  RAS  subsection  (half-beat- 
length)  is  rotated  by  an  angle  of  -q>  with  respect  to  the  optical  axes  and  by  an  angle  of  -2y}  with 
respect  to  the  x  axis  (input  polarization  state  (Fig.  lb).  When  the  optical  signal  enters  the  LAS 
subsection,  the  polarization  state  of  the  signal  makes  an  angle  of  -3(p  with  respect  to  the  optical  axes 
Ui  (Fig.  Ic).  At  the  end  of  the  LAS  subsection,  the  output  polarization  state  is  rotated  by  an  angle  of 
3(p  regarding  the  optical  axes  Ui  and  then  by  an  angle  of  4(p  in  relation  to  the  x  axis  (input 
polarization  state).  In  summary,  one  section  of  a  passive  polarization  converter,  having  a  length 
equal  to  the  beat-length  A,  rotates  the  input  polarization  state  by  an  angle  of  4(p,  assuming  that  (p  is 
the  angle  between  the  optical  axis  of  the  structure  and  the  linearly-polarized  input  signal.  If  A  is  the 
number  of  sections  presented,  the  converted  power  can  be  expressed  as: 

P,  =  sm\4(pN)  (1). 


The  main  objective  of  this  paper  is  to  model  a  waveguide  having  optical  axes  (eigenstates)  rotated  at 
an  angle  (p  =  45°  with  respect  to  the  fixed  coordinate  system  of  the  device  (x,  y  in  Fig.  1);  according 
to  Eq.  (1)  a  90°  polarization  rotation  after  half  a  period  A/2  (or  half  the  beat-length)  will  then  be 
ensured.  As  a  consequence,  no  longitudinally-periodic  perturbation  structures  would  be  further 
required.  In  such  a  case,  because  of  the  absence  of  any  junctions,  the  losses  are  expected  to  be 
reduced.  To  simulate  the  polarization  rotation,  we  solve  the  two  following  differential  equations 
using  a  three-dimensional  propagation  method  based  on  a  finite-element  numerical  scheme: 


The  parameters  of  the  cross-section  of  the  angle  facet  rib  waveguide  we  analyzed  are  as  follows 
(Fig.  1):  The  top  layer  is  InP  («2  =  3.27  ),  the  layer  below  is  InGaAsP  (n2  =  3.4  )  grown  on  InP 
(hj  =  3.27  ).  The  geometrical  parameters  are:  =  1  pm,  d2  =  0.8  pm  and  s  =  0.2  pm.  The 

operation  wavelength  is  A  =  1.5  pm .  We  vary  two  parameters  to  optimize  the  polarization  rotation 
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capability  of  the  device.  These  parameters  are  the  facet  angle  a  and  the  base  rib  width  w.  In  Fig. 
(2a)  we  present  the  variation  of  the  two  lowest  order  propagation  constants  for  a  device  having 
a  =  75°  as  a  function  of  the  rib  width  w.  Here  we  introduce  a  parameter  R  related  to  the  rotation 
angle  of  the  optical  axis  of  the  waveguide  with  respect  the  x  and  y  axes: 


n\x,y)  el{x,y)  dx  dy 
Jk _ 

J  n\x,y)  el{x,y)  dx  dy 


where  n(x,y)  is  the  refractive  index  distribution  and  ejix,y)  and  ey(x,y)  are  the  distributions  of  the 
transversal  electrical  field  components.  The  integrals  are  t^en  on  the  area  of  the  computational 
window.  If  /?  <  <  1 ,  the  corresponding  eigenstate  is  principally  polarized  along  the  y  axis;  if 
i?  =  1 ,  the  optical  axes  of  the  corresponding  eigenstate  are  rotated  at  45'’  with  respect  to  x  or  y ; 
and  finally  if  /?  >  >  1 ,  the  corresponding  eigenstate  is  principally  polarized  along  the  x  axis.  From 
the  plot  of  the  rotation  parameter  as  a  function  of  the  width  of  the  rib- waveguide,  as  illustrated  in 
Fig.  2b,  we  can  conclude  that  a  width  w  =  1.81  pm  yields  a  45°  rotation  of  the  optical  axes. 
Consequently,  this  structure  is  expected  to  provide  90”  polarization  rotation  in  half  the  period 
without  the  use  of  any  longitudinally-periodic  structures. 


1.2  1.4  1.6  1.8  2  2.2 


Base  rib  width,  w  [pm] 

Fig.  2  The  variation  of:  a)  the  normalized  propagation  constants  for  the  two  lowest  order  polarization  modes  and 
b)  the  optical  axes  rotation  parameter  R  for  the  same  eigenstates  as  a  function  of  the  rib  width.  The 
eigenstates  are  identified  as  1  -  solid  line  and  2  -  dotted  line.  The  arrows  in  b)  give  an  indication  of  the 
current  orientation  of  the  corresponding  eigenstate  with  respect  to  x  and  y  axis. 


196  /  IMH12-4 


Different  facet  angle  converters  optimized  to  have  45°  rotation  of  the  optical  axis  have  been 
simulated.  In  Fig.  3  we  present  the  propagation  simulation  for  a  structure  having  having  a  facet 
angle  a  =  45°,  a  rib  base  width  w  =  2.0  )im.  The  relative  powers  along  the  x:  and  y  axes  are 
presented  as  a  function  of  the  propaption  distance.  A  90°  polarization  rotation  (100%  power 
transfer)  can  be  observed  after  a  distance  of  less  than  0.25  mm,  corresponding  to  half  the 
waveguide  beat-length.  For  all  the  devices,  variations  of  +  0.1|im  in  the  optimized  rib  base  width 
yields  a  power  transfer  of  92-93%  instead  of  100%.  Therefore,  tight  tolerances  are  not  expected 
when  designing  praticaUy  the  devices. 


Fig.  3  The  relative  power  along  x  -  dashed  line  and  along  y  -  solid  line  as  a  function 
of  the  propagation  length 


To  summarize,  based  on  a  vectorial  analysis,  the  operating  principle  of  passive  polarization 
converters  have  been  presented  in  terms  of  optical  axis  orientation.  This  analysis  reveals  that  an 
appropriate  geometrical  configuration  can  be  deduced  to  optimize  the  polarization  conversion 
process.  As  a  result,  a  passive  polarization  converter  free  of  longitudinally-periodic  structures  has 
been  proposed.  The  device  is  expected  to  have  superior  features  as  a  passive  polarization  converter: 

(i)  a  very  short  length  (0.25  mm  total  length) 

(ii)  no  junctions 

(iii)  no  period-to-period  coupling  losses  since  no  multi-section  structure  is  required. 
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Polarization  Splitting  in  Lossy/Gainy 
MQW  Directional  Couplers 

Kwang  C.  Ho,  G,  Griffel  and  T.  Tamir 
Polytechnic  University,  Brooklyn,  NY  11201 


1.  Introduction 

Optical  polarizers  consisting  of  directional  couplers  are  of  great  interest  as  guided-wave  devices 
in  optical  signal  processing  systems.  By  splitting  the  input  signal  into  two  orthogonal  TE  and 
TM  modes,  the  output  signals  can  be  used  in  a  high-speed  optical  communication  for  single¬ 
mode  transmission.  The  pertinent  behavior,  which  relies  on  the  difference  between  propagation 
constants,  was  analyzed  by  using  coupled-mode  theory  to  evaluate  the  coupling  lengths  for  the 
two  polarizations  [1]  [2].  However,  this  approach  is  often  insufficiently  accurate,  and  it  may  not 
provide  full  information  on  all  the  physical  effects  encountered  in  devices  containing  lossy  and/or 
gainy  media,  such  as  semiconductor  based  materials. 

In  this  paper,  we  present  a  transmission-line  modal  description  (TLMD)  to  rigorously  analyze 
the  mode  polarization  effects  in  GaAs/Al^Gai-xAs  heterostructure  waveguides  using  MQW  layers 
as  a  secondary  guiding  channel,  as  shown  schematically  in  Fig.  1.  By  defining  a  useful  and 
accurate  mode  suppression  ratio  for  the  supermodes  that  determine  the  polarization  effects,  our 
results  show  that  a  very  effective  splitting  of  the  two  polarization  states  can  be  implemented. 


2.  Modal  Derivation  of  the  Optimal  Polarization  Length 


Stratified  semiconductor  guiding  structures  are  subject  to  material  loss  due  to  inter-band  (agi)  and 
free-carrier  (a,/)  absorption  [3]  in  the  guiding  layers.  For  structures  containing  layers  identified 
by  an  index  q,  the  complex  dielectric  constants  can  be  expressed  in  terms  of  the  total  loss  ag  — 
agi  -1-  a,/,  as  given  [4]  by 


<  +  = 


n]- 


CXq 

2ko 


+ 1 


(jje„ 


(1) 


where  a  time  variation  is  implied,  ko  is  the  wavenumber  in  vacuum.  For  dielectric  mate¬ 

rials,  e'q  >  0  and  e"  is  positive  or  negative  depending  on  whether  the  material  is  lossy  or  gainy, 
respectively. 

A  typical  MQW  directional  coupler,  as  shown  in  Fig.  1,  consists  of  several  dielectric  layers 
identified  hy  q  -  p  (for  the  primary  guide),  uc  (for  the  upper  cladding),  Iw  (for  the  low-bandgap 
layer),  hw  (for  the  high-bandgap  layer)  and  Ic  (for  the  lower  cladding).  For  a  heterostructure 
optical  coupler  (ag  «  0),  the  complex  propagation  constant  k^  =  fi  +  ia  oi  the  composite  structure 
can  be  calculated  by  applying  Eq.  (1)  and  the  transverse  resonance  condition  [5] 

Yup  +  Ydn  =  0  ,  (2) 

where  Yup  indicates  the  admittance  looking  up  at  an  arbitrary  layer  boundary,  and  Y^n  represents 
admittance  looking  down  at  that  point. 

As  the  current  injected  into  the  structure  increases,  the  negative  imaginary  components  e"^ 
of  eiu,,  which  affects  the  gain  component  in  the  MQW  structure,  become  more  negative.  The 
resulting  gain  in  the  medium  causes  the  net  positive  attenuation  a  to  also  decrease.  At  a  critical 
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value  of  the  gain  overcomes  the  absorption  losses  and  the  guided  wave  travels  without 
attenuation  along  the  longitudinal  2:  direction,  i.e.,  a  =  0.  Larger  current  intensities  generate 
values  of  ,,  that  cause  a  to  become  negative,  in  which  case  the  wave  amplitude  increases 

as  it  progresses  along  2. 

For  optical  parameters  as  given  in  Table  1,  we  plot  in  Fig.  2  the  attenuation  a  A  at  the 
phase-match  points  (Ap  =  0.8733  /im  for  TE  and  Ap  =  0.7398  nm  for  TM  modes)  as  a  function 
of  the  gain  component  associated  with  the  quantum  wells.  We  note  that  aA  is  positive 

or  negative  according  to  whether  is  smaller  or  larger  than  the  critical  values  ^  = 

(0.033,  0.034)  for  even  (symmetric)  TE/TM  modes  and  (0.043,  0.045)  for  odd  (anti-symme’tric) 
modes,  respectively.  Absorption  losses  presented  at  ^  “  0  produce  net  positive  attenuations 
aA  =  (6.44  X  10“^,  6.48  x  10““*)  for  even  TE/TM  modes  and  (5.69  X  10““*,  5.84  x  10“^)  for  odd 
modes.  These  losses  are  balanced  out  by  transparency  gain  of  the  wells  at  the  critical  values  of 
Since  the  results  in  Fig.  3  were  generated  by  solving  Eq.  (2)  for  the  given  structure,  they 
are  based  on  a  rigorous  solution  of  the  pertinent  boundary-value  problem. 

To  determine  optimal  beamsplitting  conditions,  we  assume  that  the  geometry  is  two-dimensional 
(^  =  0),  and  a  wave  is  incident  intq  the  primary  guide.  The  transverse  modal  fields  can  be  ex¬ 
pressed  by  the  transmission-line  modal  functions  [6] 

for  0  <  2  <  2o  , 

for  2  <  0  and  z  >  (3) 

where  the  subscript  r  =  [in,  out]  for  the  input  or  output  section,  s  and  a  represent  the  even  and 
the  odd  modes  while  p  =  [-1, 1]  and  £(.t)  =  [l,eJ*(.T)]  for  TE/TM  modes,  respectively. 

.4  modal  field  incident  at  the  junction  boundary  2  =  0  from  the  primary  waveguide  generates 
supermodes  that  propagate  independently  along  2.  The  power  of  these  supermodes  decays  or 
grows  exponentially  due  to  the  loss  or  gain  in  the  guiding  structure,  and  is  transmitted  through 
the  primary  and/or  secondary  channel  at  2  =  Zq.  Then,  using  the  boundary  conditions  at  2  =  0 
and  z  =  Zc  and  neglecting  reflections,  we  obtain 


Ec(.t,  2)  =  £c{x)  [¥5(2)65(0;)  +  ¥o(2)ea(2;)]  1 
H,(.r,  2)  =  P  [/5(2)h5(.T)  -b  Ia(z)ha(x)]  j 

Er(x,  2)  =  £r(x)Vr(z)er(x)  ,  Hr(x,  z)  =  plr(z)hr(x) 


£inyin(0)e,„(x)  ^  Sc(x)  [¥5(0)65(0;)  +  ¥a(0)6a(o;)]  , 

T„(0)hi„(.r)  ^  /5(0)h5(o;)  +  /a(0)h,(o0  , 

£outVout(Zo)<iout(x)  =  Scix)  [¥5(2o)65(.t)  +  ¥a(2o)6a(x)]  , 
~  ^5 (.c-o  ) h5(x)  La (z;.^ )  11q(x )  . 


Applying  to  Eq.  (4)  the  power  normalization  and  field  orthogonality  conditions 

/  ^ outix)\^out(x)\~  dS  1  ,  /  £c(-i'')§7i  ■  §m  dS  —  Cn^nm  i 

'-'cs  Jcs 

we  obtain  the  modal  voltages  and  currents  given  by 


Vout(Zo)  (5) 

^  in.c  ' 


ViniO) 


C5 


Ca 


(a) 


Iouti.Zo) 

/in(0) 


C5 


_j.(s)  I  ^ 

c^out  ' 


Ca 


p(a) 


(4) 


(5) 


(6) 


where  Cn  is  an  appropriate  normalization  constant,  g(a;)  represents  e(a:)  or  h(,T),  and  the  trans¬ 
formation  constant  between  modal  functions  is  given  by 


^a,6  - 


^a^in  *  Sm 


(7) 
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As  a  result,  we  can  define  a  novel  mode  suppression  ratio  Msr  to  determine  the  optimized  polar¬ 
ization  length  Lop  by 


Msr  = 


die/ Vtm  7 

Vtm/Vte  . 


for  TM  mode  suppression  , 
for  TE  mode  suppression  , 


(8) 


where  the  coupling  efficiency  r/  is  defined  as 


T]  = 


T/  r* 

^  out-^  out 

y  T* 


(9) 


To  obtain  optimum  transfer  conditions,  we  assume  that  TE  and  TM  modes  having  the  same 
amount  of  power  are  fed  through  the  primary  channel  simultaneously  at  the  input  terminal.  After 
propagating  over  the  length  of  the  coupler,  the  field  separates  into  the  two  guiding  channels 
at  the  output  terminal.  The  value  of  in  which  this  field  splits  into  a  TM  mode  in  one  of  the 
output  channels  and  a  TE  mode  in  the  other  defines  the  optimal  polarization  length  Lop  that 
maximizes  the  mode  suppression  ratio  Mgr- 


3,  Numerical  Results  and  Conclusion 

To  explore  the  TE/TM  polarization  beamsplitting  in  a  MQW  lossy /gainy  optical  coupler,  we  have 
applied  the  rigorous  TLMD  method  using  parameters  as  given  in  Table  1.  We  limit  ourselves  to  the 
case  of  TE  mode  emitted  from  the  secondary  waveguide  {TM  mode  suppression).  The  schematic 
configuration  is  shown  in  Fig.  1(b),  The  alternative  situation  for  TE  mode  suppression  has  a 
larger  optimal  polarization  length. 

A  gain  polarization  beamsplitter  with  4  quantum  wells,  operating  wavelength  Xp  =  0.8733  pm, 
and  -6^'^  =  0.05  was  evaluated,  as  shown  in  Fig.  3.  We  note  that  the  suppression  ratio  peak 
is  located  at  Lop  =  194.2  pm  (vertical  solid  line),  rather  than  at  Lp  —  202  pm  as  obtained  by 
the  conventional  coupled-mode  method  (vertical  dotted  line).  We  also  found  that  the  difference 
becomes  more  appreciable  for  lossy  cases.  We  conclude  that  the  rigorous  analytical  method 
provides  a  powerful  tool,  which  yields  accurate  results  that  may  not  be  achieved  otherwise. 
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Layer 

Material 

X 

n,p(cm  ^) 

t{pm) 

Primary  Guide 

—  AlxGdi—x^^ 

0.1 

p+  =  2.3  X  lO*"* 

tp  =  0.4 

Upper  Cladding 

p  — xAlS 

0.2 

p=  1.83  X  lO^'" 

tuc  =  0.8 

Secondary  Guide 

pure  —  GaAs 

0 

0 

It 

00 

X 

0 

! 

tc 

pure  —  AlxGai-x^s  \ 

0.2 

0 

thw  =  10~^ 

Lower  Cladding 

n  —  AlxGai-xAs 

0.2 

n  =  1  X  lO^** 

tl,  =  0.2 

Substrate 

Tl 

0.4 

n  =  1  X  10^“ 

n/a 

Table  1:  Optical  parameters  for  numerical  analysis  at 
Ep  =  1.29  eF  and  T=  298 


Figure  1:  MWQ  optical  directional  polarizers  with  iden¬ 
tical  input  guides  but  different  output  guides  :  (a)  Pri¬ 
mary  waveguide  only,  (b)  Primary  waveguide  for  input 
and  secondary  waveguide  for  output. 


(a)  TE  mode 

Figure  2:  Variation  of  aA  as  a  function  of  — .  The 
solid  or  dashed  lines  represent  even  or  odd  modes.  Ver¬ 
tical  dotted  lines  show  the  critical  gain  values. 


(b) 


Figure  3:  (a)  Coupling  eflSciency  7]  for  TE  mode  (solid 
line)  and  TM  mode  (dashed  line);  (b)  TM  mode  sup¬ 
pression  ratio  Msr  as  a  function  of  2  at  —  =  0.05. 

Vertical  solid  and  dotted  lines  in  (a)  represent  our  re¬ 
sults  and  coupled-mode  results  for  polarization  lengths, 
respectively. 
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Introduction  -  A  well  known  characteristic  of  optical  fibres  is  that  they  do  not  maintain  the 
polarisation  of  the  transmitted  light.  Therefore  an  important  requirement  of  integrated  optical 
circuits  in  optical  fibre  systems  is  that  they  have  to  be  polarisation  independent,  i.e.  their 
operation  is  the  same  for  all  polarisations  of  the  incoming  light.  Unfortunately,  integrated 
optical  waveguides  always  show  modal  birefringence.  In  an  optical  bandpass-filter  based  on 
interference  this  causes  for  example  a  shift  in  the  wavelength  for  maximal  transfer  between  TE 
and  TM  modes. 

In  channel  waveguides  one  can  reduce  this  modal  birefringence  by  using  circular  or 
square  waveguides.  As  a  second  possibility  one  can  optimise  the  height  h  and  width  w  of  a 
ridge  waveguide.  For  particular  values  of  vv  and  h  the  difference  in  effective  index  vanishes. 
However,  the  polarisation  dispersion  increases  rapidly  when  w  or  h  show  small  deviations 
from  the  optimal  values.  A  third  method  consists  in  using  anisotropic  materials  to  compensate 
the  birefringence  caused  by  the  waveguide. 

In  this  paper  we  focus  our  attention  on  slab  waveguides,  because  one  could  consider 
these  as  a  ‘worst-case’  when  compared  to  channel  waveguides.  Further,  one  could  expect, 
when  using  a  slab  waveguide  with  low  polarisation  di.spersion  as  a  basis  for  the  optimisation  of 
a  channel  waveguide  with  respect  to  modal  biretringence,  the  channel  guide  birefringence  will 
be  lower  and  the  optimum  less  sensitive  to  variations  in  design  parameters. 

Recently,  a  simple  analytic  result  for  slab  waveguide  modal  birefringence  was  derived 
[1].  In  this  paper  we  adopt  a  more  numerical  approach.  We  will  compare  the  modal 
birefringence  of  a  class  of  step  index  slab  waveguides,  which  all  have  a  given  value  for  the 
mode  width,  and  compare  them  with  a  parabolic  index  waveguide,  which  is  found  to  be 
optimal  in  terms  of  birefringence.  A  general  rule  for  optimal  polarisation  dispersion  will  be 
formulated  for  step  index  slab  waveguides. 

Approach  -  We  study  waves  propagating  along  the  j-axis  in  slab  waveguides,  with 
transversal  index  variation  along  the  x-axis.  A  simple  symmetric  3-layer  slab  waveguide  has, 
for  a  given  wavelength,  three  degrees  of  freedom  in  the  refractive  index  profile:  the  core  index 
?!| ,  the  cladding  index  no  and  the  core  width  2a.  In  order  to  be  able  to  compare  different 
refractive  index  profiles  in  terms  of  modal  birefringence,  we  have  to  choose  a  fair  basis  of 
comparison.  This  is  done  by  requiring  all  structures  to  have  equal  mode  width  and  equal 
effective  index  n^,jj  of  the  TEq  mode.  The  condition  of  constant  mode  width  originates  from 
the  observation  that  TE  and  TM  effective  indices  can  be  made  arbitrarily  close  to  each  other  by 
forcing  the  waveguide  structure  to  cut-off  -+  ih)  or  to  extreme  guidance  -+  n^).  The 
effective  index  level  is  also  kept  constant  to  allow  for  a  fair  comparison  between  different 
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waveguide  structures.  For  structures  which  are  symmetric  relative  to  the  yz-plane,  we  define 
the  mode  width  W90  with  the  relation: 

"■90/2  ^ 

J  |£,(x)|-r/.v  =  0.9  J  (1) 

-"'90/2 

For  asymmetric  3-layer  slabs,  with  air  superstrate,  the  surface  between  core  (high  refractive 
index)  and  superstrate  (at  v  =  0)  is  taken  as  upper  boundary  for  the  integration  and  -vi-gg  as 
lower  boundary.  In  this  case  the  electric  field  will  extend  veiy  little  into  the  superstrate,  because 
of  the  large  difference  in  refractive  index. 

The  wavelength  equals  1,55  )im.  The  effective  index  of  the  TEq  vvas  fixed  at  a  value  of 
3.20,  which  is  a  typical  value  for  InP/InGaAsP-based  waveguides.  The  conclusions  of  this 
paper  are  independent  however  of  the  precise  choice  of  this  value. 

Results  -  I.  Parabolic  Index  Profile.  The  first  profile  we  consider  is  the  parabolic  index 
profile,  where  the  variation  of  the  refractive  index  is  described  by: 

n{x)  =  -(x/a)-  (2) 

This  profile  has  two  advantages:  we  have  only  two  degrees  of  freedom  (/?|  and  a)  and  there 
exist  analytical  expressions  for  the  effective  indices  of  TE  (exact)  and  TM  modes  (approximate) 
[2].  For  given  values  of  the  TEq  effective  index  and  mode  width  we  calculate  /i|  and  a,  from 
which  the  modal  birefringence  =  77^.jy(TEQ)  - /i^^-(TMq)  is  derived,  as  plotted  in  figure 
1.  These  values  will  be  used  as  reference  values  for  the  modal  birefringence  in  the  following. 


lO'* 

10'" 

lO"" 

10’^ 

10'^ 


0.00  0.50  1.00  1.50  2.00  2.50  3.00  3.50  4.00 


W9Q  [urn] 


Figure  1:  Modal  birefringence  A/2^^-  of  the 
parabolic  index  profile  as  a  function  of  the 
mode  width  of  the  TEq  mode. 


2.  Symmetric  3-layer  Slab.  We  studied  the  waveguide  for  three  different  values  of  Wqq  -  0.5, 
1.0  and  2.0  [im.  For  given  values  of  the  TEq  mode  effective  index,  mode  width  and  for 
variable  core  width  we  calculated  the  refractive  indices  /Zj  and  ih.  For  each  pair  of  indices  we 
then  evaluated  the  modal  birefringence,  see  figure  2.  In  each  graph  we  also  indicated  the  range 
of  the  core  width  for  which  the  waveguide  is  single  moded  (left  of  the  vertical  line). 

We  see  that  in  each  case  the  polarisation  dispersion  decreases  with  increasing  core 
width,  and  diminishing  refractive  index  contrast,  and  approaches  the  value  for  the  parabolic 
profile  when  the  core  width  is  near  to  the  mode  width.  It  is  also  observed  that  the  modal 
birefringence  of  a  symmetric  3-layer  slab  will  be  lowest  near  to  the  cut-off  of  the  TEj  mode. 
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2a  [|im] 
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Figure  2;  Symmetric  3-layer  slab.  Modal 
birefringence  ^eff  and 

refractive  index  contrast  An  =  ni-n2  (  +  , 
right  axis)  as  a  function  of  the  core  width  2a 
for  three  values  of  the  TEq  mode  width  vv9q. 
The  dashed-dotted  horizontal  line  shows  the 
corresponding  value  of  the  parabolic  index 
profile  birefringence.  All  waveguides  are 
single  moded  left  of  the  vertical  line. 


xio-  = 


Figure  3:  Asymmetric  3-layer  slab.  Modal 
birefringence  (x,  left  axis)  and 

refractive  index  contrast  An  =  ni— n2  (  +  > 
right  axis)  as  a  function  of  the  core  width  2a 
for  three  values  of  the  TEq  mode  width  vv9o. 
The  dashed-dotted  horizontal  line  shows  the 
corresponding  value  of  the  parabolic  index 
profile  birefringence.  All  waveguides  are 
single  moded  left  of  the  vertical  line. 
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3.  Asymmetric  3-layer  Slab.  If  we  repeat  the  calculations  for  an  asymmetric  3-layer  slab,  where 
the  refractive  index  on  one  side  of  the  core  is  1,  and  on  the  other  side  n2,  we  obtain  the  results 
shown  in  figure  3.  Again  we  see  that  the  modal  birefringence  is  lowest  near  to  the  cut-off  of  the 
TE]  mode.  Compared  to  the  symmetric  structure,  the  asymmetric  structure  has  a  stronger 
birefringence  for  the  higher  mode  widths,  with  comparable  index  contrast. 

4.  5-Layer  Index  Profiles.  Here  we  consider  symmetric  5-layer  slabs  (see  figure  4).  The  idea  is 
that,  for  a  symmetric  3-layer  slab  the  TM  effective  index  is  always  lower  than  the  TE  index, 
implying  that  the  TM  has  a  slightly  larger  mode  width.  The  TM  mode  therefore  extends  more  in 
the  cladding  regions  than  the  TE  mode  of  the  same  order.  By  increasing  the  refractive  index  in 
the  cladding  regions  or  by  applying  a  dip  in  the  centre  of  the  core  index  profile,  one  hopes  that 
the  TE  and  TM  effective  indices  will  approach  each  other.  Some  results  for  a  mode  width  of 
1.0  iim  are  given  in  table  1.  We  see  that  the  modal  birefringence  gets  worse  as  the  refractive 
index  profile  moves  further  away  from  the  more  monotonous  behaviour  of  the  parabolic  index. 
The  modal  birefringence  always  exceeds  that  of  the  3-layer  slab. 
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3.137097 
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Figure  4:  5-layer  refractive  index  Table  1;  Modal  birefringence  for  the  symmetric  5- 
profile.  layers  slab  (W90  =  1.0|im).  The  first  row  gives  the 

birefringence  of  the  corresponding  3-layer  slab. 

Conclusion  -  In  this  paper  the  optimisation  of  the  modal  birefringence  of  slab  waveguides 
was  discussed.  The  birefringence  of  the  parabolic  index  profile  was  considered  as  a  reference. 
To  make  a  fair  comparison  two  conditions  were  imposed  on  the  fundamental  slab  mode.  The 
TE  effective  index  level  as  well  as  the  mode  width  were  fixed.  It  was  shown  that  the  modal 
birefringence  of  a  single  mode  symmetric  3-layer  slab  is  minimal  at  the  onset  of  the  first  order 
mode.  This  leads  to  the  conclusion  that  waveguides  with  large  core  width  and  low  index 
contrast  show  lower  modal  birefringence  than  thinner  waveguides  with  higher  index  contrast. 
We  also  found  that  the  birefringence  of  the  parabolic  index  profile  can  be  considered  as  a  lower 
boundary  and  that  the  birefringence  of  strongly  asymmetric  slab  waveguides  is  significantly 
larger  than  the  birefringence  of  the  corresponding  symmetric  slab,  especially  for  higher  mode 
widths. 
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Considerable  effort  has  been  recently  focused  on  the  development  of  coherent  laser  sources 
for  applications  which  require  high  output  powers  such  as  free-space  communications  sys¬ 
tems.  Broad-area  lasers  have  been  proposed  as  possible  candidates  because  they  have  wider 
injection  regions  than  conventional  lasers,  so  a  large  amount  of  stimulated  photons  can  be 
generated.  However,  both  the  lack  of  guiding  control  of  the  optical  mode  and  the  spatial 
hole  burning  effect  favor  the  simultaneous  oscillation  of  several  lateral  modes  when  the  laser 
is  driven  higher  above  threshold  [1,2].  As  a  consequence,  the  output  beam  profile  develops 
filamentation  [3]  which  limits  the  operativity  of  these  lasers  devices.  A  reduction  in  the  num¬ 
ber  of  excited  lateral  modes  is  desirable  in  order  to  increase  the  spectral  purity  and  spatial 
coherence  of  such  lasers.  Operation  in  the  fundamental  single-lobe  lateral  mode  can  pro¬ 
vide  spatially-coherent  diffraction-limited  high-power  laser  sources,  but  it  requires  a  control 
mechanism  of  the  excited  lateral  modes  in  these  devices. 

Optical  feedback  from  an  external  cavity,  where  a  laser  diode  is  exposed  to  optical  feed¬ 
back  by  reflecting  a  part  of  the  output  beam  back  into  the  laser  cavity,  has  been  shown 
to  yield  single  longitudinal  mode  operation,  tuning  of  the  lasing  frequency,  and  substantial 
linewidth  narrowing  in  Fabry-Perot  multi-longitudinal  mode  lasers  [4].  This  highly  coherent 
state  is  the  result  of  the  nonlinear  interaction  of  the  longitudinal  modes  of  the  laser  cavity 
and  the  external  cavity  modes.  In  this  work  we  study  the  possibility  of  lateral  mode  control 
and  selection  in  broad  area  lasers  through  external  optical  feedback,  in  order  to  improve  the 
optical  characteristics  of  the  laser  beam  of  these  lasers. 

We  model  the  spatio-temporal  dynamics  of  the  broad-area  laser  by  the  semiclassical 
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Maxwell-Bloch  equations  for  a  two-level  homogeneously  broadened  single  mode  laser  [5]. 
The  external  optical  feedback  is  incorporated  to  the  field  equation  in  the  Lang-Kobayashi 
weak  feedback  approximation  [6].  The  equations  of  the  model  are  solved  numerically  for  a  30 
pm  wide,  broad  area  laser  for  several  injection  currents.  The  reflectivity  of  both  laser  facets  is 
R  =  32.0%.  A  low  reflectivity  external  mirror  of  R^xt  =  0.34%  is  used  in  all  the  simulations. 
The  external  cavity  length,  L^xt  =  is  chosen  in  such  a  way  that  the  separation  between 
external  cavity  modes,  —  70  GHz,  is  larger  than  the  width  of  the  free-running 

laser  spectrum.  For  such  external  cavity  length  (Tgit  1  mm),  the  feedback  coefflcient  [7] 
is  C  =  0.45  <  1,  ensuring  that  only  one  external  cavity  mode  is  active.” 

Initially,  the  laser  is  switched  on  at  t=0  ns  from  the  transparency  level  (Fig.  la)  by 
applying  an  injection  current  of  1.1  Ith-  The  system  presents  relaxation  oscillations  towards 
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FIG.  1.  Effect  of  external  optical  feedback  at  1=1.1  a)  Time-resolved  lateral  near-field  in¬ 
tensity  pattern.  External  optical  feedback  is  applied  at  t=10  ns.  Associated  field  spectrum  for  b)  no 
optical  feedback:  c)  weak  optical  feedback  with  =  0. 


IMH15-3  /  207 


the  steady  state,  which,  due  to  spatial  hole  burning,  consists  of  a  single  intensity  lobe 
moving  periodically  across  the  stripe.  The  spatially  resolved  field  spectrum  associated  to 
this  dynamics  (Fig.  lb)  shows  the  coexistence  of  the  fundamental  and  the  second  order 
lateral  modes  of  the  laser  cavity.  Weak  optical  feedback  is  applied  at  t=10  ns  (Fig.  la).  The 
two-mode  dynamics  previously  described  in  absence  of  feedback  is  washed  out  before  t=10.5 
ns.  After  some  relaxation  oscillations,  the  system  reaches  fundamental  mode  operation  (see 
Fig.  Ic)  at  t=  16  ns.  Pattern  stabilization  is  achieve  due  to  the  strong  interaction  of  the 
fundamental  mode  of  the  free-running  laser  and  an  external  cavity  mode  located  at  Ui—  0 
GHz.  This  well-behaved  state  is  stable  in  a  wide  range  of  feedback  phase  values  (variations 
of  L^xt  within  half  a  wavelength  that  can  be  experimentally  produced  by  a  PZT,  produce  a 
change  in  the  feedback  phase  (j)fb  =  i^oText  from  0  to  27r). 

When  the  injected  current  is  increased  to  1=1.3  Ifh  in  absence  of  feedback,  the  third 
order  lateral  mode  is  simultaneously  excited  with  the  fundamental  and  second  order  mode 
(Fig.  2a).  After  applying  optical  feedback  at  t=10  ns  we  leave  the  system  to  relax  to  its 
steady  state.  Different  situations  are  observed  depending  on  the  value  of  ^fb-  For  (/>/;,  —  tt 
(Fig.  2b),  an  external  cavity  mode  is  located  at  the  frequency  ^'j+i=61.25  GHz,  which  excites 
the  fourth  order  lateral  mode  at  expense  of  the  third  order  mode.  A  small  change  of  the 
cavity  length  to  give  =  x  shifts  the  external  cavity  mode  to  43.75  GHz,  close  to  the 
frequency  of  the  third  order  lateral  mode  which  becomes  strongly  excited  it  (Fig.  2c).  Finally, 
suppression  of  the  third  order  mode  is  achieved  for  any  value  of  the  feedback  phase  between 
Y  and  |.  However,  the  highest  linewidth  narrowing  of  the  lateral  modes  is  obtained  for 
dfb  =  which  is  shown  in  Fig.  2d. 

For  higher  injection  levels,  the  same  type  of  behavior  as  shown  in  Fig.  2  has  been  observed, 
but  with  a  higher  number  of  lateral  modes  simultaneously  excited. 

In  summary,  we  have  shown  that  a  certain  degree  of  lateral  mode  control  and  pattern 
stabilization  can  be  achieved  in  broad  area  lasers  by  applying  external  optical  feedback. 
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FIG.  2.  Time-resolved  lateral  near- field  intensity  pattern  and  spatially -resolved  field  spectra  for 
1=1.3  Ifh.  a)  Absence  of  feedback.  Weak  optical  feedback  with  b)  ffh  =  c)  and  d) 

(j)jb  —  The  other  feedback  parameters  are  those  of  Fig.  lb 
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1  Introduction 

The  finite- diflference  beam-propagation  method  (FD-BPM)  [1]  and  the  finite-difference  time- 
domain  method  (FD-TDM)  [2]  are  powerful  tools  of  analyzing  the  propagating  beam  in  an 
optical  waveguide.  The  FD-BPM  based  on  the  Crank-Nicholson  scheme  has  the  advantage 
of  unconditional  stability.  Since  the  FD-BPM  assumes  only  travelling  waves,  reflected  waves 
generated  at  longitudinal  discontinuities  have  been  neglected. 

On  the  other  hand,  the  FD-TDM  that  directly  solves  the  Maxwell’s  equations  is  accurate 
since  no  approximation  is  introduced  with  respect  to  polarization  and  propagating  beam  di¬ 
rection,  but  it  requires  enormous  computation  time  and  memories  for  the  simulation  of  large 
structures.  Recently,  a  scalar  FD-TDM  [3]  was  formulated  and  it  was  extended  to  the  cylindri¬ 
cal  coordinate  system  [4].  Compared  with  the  vector  FD-TDM,  the  scalar  FD-TDM  requires 
less  memory  and  is  computationally  more  efficient.  It  should  be  noted,  however,  that  compared 
with  the  FD-BPM,  the  improvement  in  computational  efficiency  is  not  still  enough. 

The  purpose  of  this  paper  is  to  propose  a  hybrid  technique  that  involves  a  scalar  FD-BPM 
with  a  Pade  approximant  operator  [5]  and  a  scalar  FD-TDM  in  the  cylindrical  coordinate 
system  [4],  and  to  demonstrate  the  effectiveness  of  this  technique.  In  particular,  the  present 
technique  is  more  efficient  than  the  conventional  FD-TDM  when  we  analyze  large  structures 
with  a  longitudinal  discontinuity  in  which  the  reflected  waves  cannot  be  neglected.  As  an 
application,  the  propagating  field  in  a  lensed  coreless  fiber  [6]- [8]  is  analyzed.  Furthermore,  we 
reveal  the  effects  of  an  antireflection  (AR)  coating  [9]  on  the  fields  in  the  lens. 

2  Technique  of  connecting  FD-BPM  to  FD-TDM 

We  describe  the  method  of  utilizing  the  field  obtained  from  the  FD-BPM  as  the  incident  field 
in  the  FD-TDM.  For  the  FD-BPM,  the  electric  field  E(r,<f>,  z)  at  a  connecting  position  {z  =  1) 
of  the  FD-BPM  and  the  FD-TDM  is  expressed  as 

E(r,  4>,  1)  -  'ip{x,  <j),  1)  exp{-jkonol),  (1) 

where  ko  is  a  wavenumber  in  free  space  and  no  is  the  appropriately  chosen  reference  refractive- 
index.  In  this  paper,  such  reference  refractive-index  is  chosen  to  be  the  cladding  refractive- 
index.  Separating  the  electric  field  into  an  amplitude  term  E(r,  0,  /)  and  a  phase  term  (f{r,  /), 

Eq.(l)  is  rewritten  as 

E{r,  (j),  1)  =  E{r,  (j>,  1)  exp[-yV(r,  (p,  1)].  (2) 

On  the  other  hand,  the  electric  field  for  the  scalar  FD-TDM  can  be  expressed  as 

E{r,(l),z,t)  =  E{r,(j),z)exY,{jut),  (3) 

where  uj  is  the  angular  frequency.  Substituting  Eq.(2)  into  Eq.(3),  and  changing  it  into  the 
expression  of  an  instantaneous  value,  we  get  the  following  equation  as  the  incident  field  for  the 
FD-TDM  at  the  connecting  position 

E{r,(f),l,t)  =  E{r,(j),l)sm[koct  +  (p{r,(j),l)].  (4) 

As  will  be  shown  later,  the  direct  use  of  Eq.(4),  however,  gives  rise  to  considerable  parasitic 
waves  due  to  the  existence  of  the  phase  term  <^,  so  that  it  takes  a  long  computational  time 
to  get  a  steady-state  field  distribution.  In  order  to  reduce  the  amount  of  parasitic  waves,  the 
source  excitation  is  started  using  the  following  modified  procedure.  We  introduce  a  gradual 
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excitation  method  [10],  i.e.,  Eq.(4)  is  multiplied  by  a  sine  function  of  the  quarter  period,  so 
that  we  use 

£(r,  <p,  /,  t)  =  E(r,  (f)^  1)  sm[koct  +  /)]  sin(7rct/2Ar),  for  ct  <  At  (5) 

where  Ar/c  is  a  rising  time.  Eq.(5)  together  with  Eq.(4)  is  used  as  the  incident  field  in  the 
FD-TDM  region. 

To  confirm  the  validity  of  the  hybrid  technique,  we  first  consider  a  coreless  fiber  connected 
with  a  single-mode  fiber  whose  core  radius  is  p  =  5//m,  as  shown  in  Fig.l.  The  refractive  indices 
of  core  and  cladding  are  Uco  =  1.504  and  =  1.50,  respectively.  A  wavelength  of  A  =  1.55/im 
is  used,  so  that  the  normalized  frequency  is  E  ~  2.22.  The  input  field  is  the  fundamental  mode 
LPoi.  The  connecting  position  of  the  FD-BPM  and  the  FD-TDM  is  chosen  to  be  /  =  l5Qpm. 
The  incident  field  for  the  FD-TDM  is  launched  at  2:  =  150//m  toward  +z  direction  using  a 
similar  technique  described  in  Ref.  [11],  so  that  we  can  separate  the  computational  region  for 
the  FD-TDM  into  the  total  field  and  the  refiected  field  regions.  The  computation  parameters 
are  taken  to  be  Ar  ~  Az  —  /:>/200  =  0.025/im  and  cAt  ~  0.031;um  in  the  FD-TDM  region. 
The  same  discretization  mesh  is  also  used  for  the  FD-BPM  region.  The  number  of  transverse 
grid  points  is  2000. 

We  demonstrate  the  effectiveness  of  the  gradual  excitation  method  in  the  FD-TDM  region. 
Fig. 2  shows  the  time-dependent  variation  of  the  parasitic-wave  power  observed  in  the  refiected 
field  region.  The  power  is  normarized  by  the  input  power.  In  this  Figure,  the  data  for  Ar  = 
0/^m  corresponds  to  the  case  where  only  Eq.(4)  is  used.  It  is  worth  mentioning  that  use  of  the 
gradual  excitation  drastically  reduces  the  parasitic  waves.  From  this  numerical  test,  we  choose 
Ar  =:  9.3//m  in  the  following. 

Fig. 3  shows  a  comparison  between  the  field  obtained  from  the  hybrid  technique  and  the  field 
obtained  when  only  the  FD-BPM  is  used.  The  field  is  evaluated  at  z  =  157//m.  It  is  found 
that  the  two  curves  are  almost  indistinguishable.  Further  calculation  shows  that  the  phase 
variation  also  agrees  well  to  each  other.  From  the  above-mentioned  results,  it  can  be  said  that 
the  field  obtained  from  the  FD-BPM  is  satisfactorily  connected  to  that  in  the  FD-TDM. 

3  Analysis  of  a  lensed  coreless  fiber 

As  an  application  of  the  present  technique,  we  analyze  a  hemispherically-ended  coreless  fiber 
shown  in  Fig. 4.  The  coreless  fiber  is  identical  to  that  in  Fig.l  with  the  exception  of  a  coreless- 
fiber  length  of  /  =  200^m.  The  hemispherical  lens  tipped  on  the  coreless-fiber  endface  is  formed 
by  the  adjustment  of  a  lens  radius  ^nd  a  center  angle  The  refractive  index  of  the  lens 
is  the  same  as  that  of  the  cladding. 

Fig. 5  shows  the  field  distribution  in  the  coreless  fiber  calculated  by  the  FD-BPM.  It  is  seen 
that  the  field  spreads  and  the  constant  phase  plane  is  distorted  with  the  propagation. 

Using  the  hybrid  technique,  the  field  obtained  from  the  FD-BPM  is  connected  to  that  in  the 
FD-TDM.  Fig. 6  shows  the  field  distribution  {ci  —  62/im)  for  =  40pm  and  6l  =  60^^  in  the 
FD-TDM  region.  In  Fig. 6(a),  we  can  observe  the  complicated  field  distribution  in  the  lens. 
This  is  due  to  the  reflected  waves  caused  at  the  lens  endface  with  air.  The  reflected  power 
of  the  fundamental  mode  is  calculated  to  be  4.2%.  Fig. 6(b)  shows  that  the  phase  variation  is 
gradually  modified  because  the  local  velocity  of  a  light  in  the  lens  is  different  from  that  in  air. 
It  is  demonstrated  that  the  lens  operates  as  a  phase  adjustment  element. 

Fig. 7  shows  the  far-field  patterns  radiated  from  the  fibers  with  the  lens  {tl  =  40pm  and 
9 1  =  60°)  and  without  the  lens.  Due  to  the  phase  adjustment  effect,  the  beam  radiated  from 
the  lensed  fiber  is  sharper  than  that  from  the  fiber  without  the  lens. 

Finally,  we  treat  a  lensed  fiber  with  an  AR  coating.  Taking  account  of  impedance  matching 
between  the  waveguide  and  the  air,  the  refractive  index  of  the  AR  coating  is  chosen  to  be 
1.225,  and  the  AR  layer  thickness  is  0.325/im.  The  field  distribution  {ct  =  62pm)  for  the  lens 
coated  with  the  AR  layer  is  shown  in  Fig. 8.  In  contrast  to  Fig. 6(a),  the  standing  wave  is  not 
observed  in  the  lens.  It  is  found  that  the  reflected  fields  are  successfully  suppressed  due  to  the 
AR  coating,  and  the  reflected  power  from  the  endface  is  reduced  to  be  0.01%. 

4  Conclusions 

We  have  proposed  a  technique  of  connecting  the  scalar  FD-BPM  to  the  scalar  FD-TDM  in 
the  cylindrical  coordinate  system.  This  hybrid  technique  enables  us  to  analyze  large  structures 
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with  a  longitudinal  discontinuity  and  has  the  advantage  of  computational  efficiency  compared 
with  the  conventional  technique  in  which  only  the  FD-TDM  is  applied  to  large  structures.  As 
an  application,  a  hemisphericaJly-ended  coreless  fiber  has  been  analyzed  and  discussed. 
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Fig. 2  Time-dependent  variation  of  the 
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the  reflected  field  region. 


Fig. 3  Comparison  between  the  propagating 
fields  obtained  from  the  hybrid  tech¬ 
nique  and  the  FD-BPM  {z  —  157/im). 


Fig. 4  Configuration  of  a  hemispherically- 
ended  coreless  fiber. 
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Introduction 

Directional  couplers  are  key  elements  in  the  design  of  many  important  optical  devices  such  as  power  combiners, 
power  splitters,  modulators,  switches,  polarizers  and  filters.  Inherently,  the  directional  coupler  is  a  frequency 
dependent  device  and  the  wavelength  dependency  of  its  coupling  ratios  finds  application  in  the  construction  of 
wavelength-division  multi/demultiplexer  for  exploiting  the  broad  bandwidth  available  from  an  optical-fiber 
network.  The  material  dispersion,  waveguide  dispersion,  and  the  mode  confinement  of  a  waveguide  mode  change 
with  the  system  operating  frequency.  This  also  changes  the  coupling  coefficients  and  hence  the  coupling  length  for 
a  pair  of  coupled  waveguides.  However,  the  frequency  sensitivity  of  the  power  transfer  efficiency  is  small,  when 
the  guides  are  identical,  since  only  the  effect  of  coupling  length  variation  is  utilized,  as  the  two  guides  are  always 
phased  matched.  On  the  other  hand,  if  the  guides  are  nonidentical,  but  phase  matched  only  at  the  design 
frequency,  then  their  power  transfer  efficiency  will  be  very  sensitive  with  the  operating  wavelength  and  it  can  be 
used  as  a  realistic  narrow  band-width  filter.  So  far  most  of  the  published  simulation  work  is  on  the  use  of  planar 
structures  [1,2],  and  these  are  not  suitable  for  practical  applications.  However,  Burke  et  al.  [3]  have  presented 
results  for  a  nonsynchronous  optical  filter  incorporating  rib  waveguides  and  using  the  spectral  index  method  for 
the  simulations.  In  the  work  presented  in  this  paper,  an  accurate  characterization  of  optical  filters  is  carried  out  by 
using  nonidentical  coupled  waveguides  with  two-dimensional  confinement  but  using  the  more  rigorous  finite 
element  method  and  the  least  squares  boundary  residual  method. 

The  Finite  Element  Method 

The  finite  element  method  (FEM)  is  a  very  powerful  tool  throughout  engineering  for  its  flexibility  and  versatility 
and  increasingly  is  being  used  for  characterizing  a  wide  range  of  practical  optical  guided-wave  devices.  In  using 
the  finite  element  method,  the  region  of  concern  is  subdivided  into  a  patchwork  of  a  number  of  subregions  called 
elements.  These  elements  each  can  be  of  various  shapes,  and  sizes  and  using  many  such  elements,  any  cross- 
section  with  a  complex  boundary  can  be  accurately  represented.  Each  element  can  have  different  refractive  index, 
loss  or  gain  factor,  anisotropy  or  nonlinearity,  so  a  wide  range  of  practical  waveguides  can  be  characterized.  By 
using  the  vector  H-field  formulation  [4],  accurate  propagation  constants  and  modal  field  profiles  can  be  obtained 
for  the  isolated  modes  or  even  for  the  supermodes.  The  vector  supermodes  of  the  complete  super-structure  may  be 
obtained  and  these  supermodes  maintain  their  orthogonality  even  when  the  guides  are  strongly  coupled  and  also 
when  the  guides  are  not  identical. 

The  Least  Squares  Boundary  Residual  Method 

The  power  transfer  between  two  coupled  waveguides  can  be  accurately  estimated  by  using  the  accurate  eigenvalues 
and  eigenvectors  by  the  finite  element  method  along  with  the  application  of  the  coupled  mode  theoiy  or  the  least 
squares  boundary  residual  (LSBR)  method  [5].  Here  it  is  assumed  that  a  single  isolated  waveguide  is  butt-coupled 
to  a  directional  coupler  section.  The  incident  field  profile  from  the  isolated  waveguide  excites  two  supermodes  in 
the  directional  coupler  section  and  the  least  squares  boundary  residual  (LSBR)  method  is  used  to  obtain 
coefficients  of  the  two  excited  supermodes.  The  LSBR  is  a  powerful  numerical  method  used  to  find  the  scattering 
coefficients  from  a  waveguide  discontinuity.  In  this  case  the  continuity  of  the  tangential  components  of  both,  the 
Electric  and  Magnetic  fields  are  enforced  in  a  least  squares  sense.  From  the  amplitude  of  the  two  excited 
supermodes,  power  carried  by  the  two  guides  along  the  axial  direction  can  be  calculated. 
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Results 

In  this  paper,  two  directional  coupler  based  optical  filters  using  nonidentical  waveguides,  with  one  and  two- 
dimensional  confinement  in  InGaAsP/InP  system  is  studied.  First  a  planar  structure,  earlier  investigated  by  other 
workers  is  considered  to  compare  our  results,  and  then,  another  example  of  two  coupled  waveguides  with  two- 
dimensional  confinement  is  considered. 

In  the  first  example,  two  slab  waveguides  A  and  B  of  film  widths  a  and  b  are  separated  by  a  distance,  s.  The 
refractive  indices  of  the  guides  A  and  B,  the  separating  region  and  the  cladding  region  are  given  by  n^,  n^^,  Ug,  and 
n^,  respectively.  The  materials  that  make  up  the  waveguides  considered  here  are  InGaAsP,  for  the  guiding  layers 
and  InP  for  the  cladding  and  separation  layers.  The  refractive  indices  n^  and  n^  for  the  two  guiding  layers,  when 
lattice  matched  to  InP,  are  calculated  by  using  the  formulae  given  by  Broberg  and  Lindgren  [6].  The  refractive 
index  of  InP  in  the  cladding  and  separation  layers  is  determined  by  the  formula  given  by  Glembocki  and  Piller  [7]. 
In  this  example,  the  widths  of  the  two  guides  are  0.53  |jm  and  1.6  pm,  with  arsenic  contents  (y)  of  0.25  and  0.15 
respectively  considered.  The  refractive  indices  of  both  the  guides  A  and  B  and  that  of  the  substrate  and  claddings 
decrease  with  the  wavelength,  but  their  rate  of  changes  are  different.  For  this  dimension  and  material 
combination,  two  isolated  guides  are  phase  matched  at  a  wavelength  of  1.3  pm.  At  this  wavelength,  the  guide  A, 
guide  B,  the  separation  region  and  the  cladding  refractive  indices  are  3.30970,  3.26799,  3.20483,  and  3.20483 
respectively. 

Figure  1  shows  the  variation  of  the  coupling  length  with  the  operating  frequency  for  this  structure.  It  can  be 
observed  that  the  coupling  length  is  a  maximum  at  a  wavelength  of  1.3  pm  and  decreases  for  other  wavelength. 
Further,  the  coupling  length  is  higher  for  the  larger  waveguide  separation  with  sharp  resonant  features.  When  the 
wavelength  is  far  from  the  resonance  value,  the  coupling  length  is  not  sensitive  to  the  separation,  s.  It  can  also  be 
noted  that  coupling  lengths  are  smaller  for  all  other  nonphase  matching  wavelengths  for  similar  waveguide 
separations.  Only  TE  modes  are  considered  in  this  example. 

Figure  2  shows  the  coefficients  of  the  two  supermodes,  for  different  operating  wavelengths  for  the  waveguide 
separation,  s  =  lA  pm.  BI  and  B2  are  the  modal  coefficients  of  the  excited  even-like  and  odd-like  supermodes, 
respectively.  It  can  be  observed  that,  when  A.  =  1.3  pm,  Bl  and  B2  are  nearly  equal  to  0.7,  nearly  a  half  of  the 
power  is  carried  by  each  of  the  supermodes.  However,  as  the  wavelength  moves  away  from  the  phase  matching 
frequency,  the  power  carried  by  each  supermodes  become  unbalanced.  The  maximum  power  transfer  between  the 
guides  may  be  calculated  from  the  supermode  coefficients  and  is  shown  in  Figure  3.  It  can  be  observed  that  nearly 
100%  power  transfer  is  possible  at  the  design  frequency,  which  is,  Aq  =  1.3  pm.  However,  the  power  transfer  at 
other  frequencies  is  quite  small,  and  the  filter  bandwidth  can  be  reduced  further  by  increasing  the  waveguide 
separation,  or  by  making  the  phase  difference  between  two  guides  more  frequency  sensitive.  Our  result  agrees 
very  well  with  that  of  Huang  [2],  who  used  a  more  computer-intensive  beam  propagation  method. 

In  the  second  example,  two  nonidenticai  coupled  waveguides  with  two  dimensional  confinement  are 
considered  and  the  schematic  diagram  is  shown  in  Figure  4.  The  frequency-dependent  refractive  indices  of  the 
lattice  matched  InGaAsP  guides  and  InP  cladding  are  calculated,  as  discussed  earlier  for  the  planar  guides.  The 
width  of  both  the  guides  is  considered  to  3.0  pm,  but  their  arsenic  contents  (y)  were  0.25  and  0.15  respectively. 
The  height  of  the  top  waveguide,  a,  is  considered  to  be  0.53  pm  and  the  height  of  the  second  waveguide,  h2,  is 
varied  to  obtain  the  required  phase  matching  at  the  design  wavelength  1.3  pm. 

The  accurate  vector  finite  element  method  is  used  to  find  the  modal  solutions  of  the  isolated  waveguides  at  a 
wavelength  of  1.3  pm.  In  this  case  3200  first  order  triangles  have  been  used  to  represent  a  quarter  of  the 
waveguides.  The  variation  of  their  propagation  constants  for  the  quasi-TE  (Hyll)  modes  is  shown  in  Figure  5.  It 
can  be  seen  that  when  the  second  guide  height,  h2  =  1.58  pm,  the  two  isolated  guides  are  phase  matched,  which  is 
close  to  the  value  1.6  pm  for  the  slab  waveguides.  Next  the  supermodes  of  the  coupled  structure  are  calculated  by 
using  the  finite  element  method.  It  can  be  emphasized  that  the  coupling  length  obtained  by  using  the  finite 
element  method  is  accurate,  even  when  the  guides  are  not  identical  or  they  are  strongly  coupled.  The  variation  of 
the  coupling  length  with  the  operational  wavelength  is  shown  for  two  different  waveguide  separations,  r,  in  Figure 
6  and  features  similar  to  the  planar  example  can  also  be  observed. 

The  supermodes  at  the  phase  matching  wavelength,  A=  1.3  pm,  are  shown  in  Figure  7,  when  .^=1.5  pm. 
Figure  7(a)  shows  the  even -mode  of  the  coupled  structure,  where  as  figure  7(b)  shows  the  odd-mode  of  the  coupled 
structure.  It  can  be  observed  that  both  the  waveguides  carry  equal  power,  although  the  guide  cross-sections  are 
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different,  however,  they  are  phase  matched.  Figures  8(a)  and  (b)  show  the  supermode  profiles  when  the  operating 
wavelength  is  1.28  pm.  It  can  be  observed  that  first  supermode  which  is  even-like,  is  more  concentrated  in  the  top 
waveguide,  which  has  a  higher  index  at  this  wavelength.  Similarly  the  second  supermode,  which  is  odd-like  is 
more  concentrated  in  the  lower  waveguide.  Similarly,  it  can  be  noted  that,  when  X  =  1.32  pm,  the  first  supermode, 
which  is  even-like  is  now  more  concentrated  in  the  lower  waveguide. 

Finally,  the  coefficients  of  the  supermodes  excited  and  the  overall  power  transfer  efficiency  for  different 
operaUng  wavelengths  are  given  in  the  Table  for  s  =  1.5  pm.  It  can  be  noticed  that  in  a  similar  way  to  the  planar 
example,  at  the  phase  matching  condition,  super  modes’  coefficients  are  nearly  equal,  whereas  for  other 
wavelengths  their  values  differ  widely.  Their  large  difference  is  responsible  for  only  a  small  amount  of  power 
transfer  between  the  guides  at  non-phase-matching  wavelengths. 


X((im) 

B1 

B2 

^out 

1.28 

0.25890 

0.96589 

0.04929 

1.29 

0.48486 

0.87456 

0.70425 

1.30 

0.80929 

0.58735 

0.90573 

1.31 

0.93392 

0.35744 

0.22894 

1.32 

0.96723 

0.25385 

0.01226 

Conclusion 

A  rigorous  numerical  procedure  is  presented  for  the  accurate  characterization  of  optical  filters  using  nonidentical 
waveguides.  Practical  and  important  photonic  devices  use  waveguides  with  two-dimensional  confinement  and 
their  use  warrants  more  accurate  design  tool  to  assist  in  their  development  and  further  optimization.  Due  to  the 
inherent  versatility  of  the  approach  presented  here,  it  will  be  ^plicable  to  a  wide  range  of  important  photonic 
devices. 
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Fig.  1  Variation  of  the  coupling  length  with  X. 


Fig.  2  Variation  of  the  supermode  coefficients  with  X, 
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Fig.  3  Variation  of  the  power  transfer  efficiency 
with  X. 


Fig.  5  Variation  of  the  propagation  constants  with  h2. 
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Fig.  4  A  schematic  diagram  of  two  coupled 
nonidentical  waveguides. 


Fig.  6  Variation  of  the  coupling  length  with  X  for 
the  waveguides  with  2-D  confinement 
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Fig.  7  (a)  First  supennode  and  (b)  Second  supennode 
at  X  =  1.30  ixm. 


Fig.  8  (a)  First  supennode  and  (b)  Second 
supennode  at  A.  =  1 .28  |jm. 
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Octave  Bandwidth  Analog  Link  with  a 
Monolithic  Laser/Electroabsorption  Modulator 

Roger  Helkey,  Harold  Roussell,  Charles  Cox  III 
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Lexington  MA  02173 

Masahiro  Aoki,  Hirohisa  Sano 
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High  linearity  RF  analog  links  are  of  great  interest  for  remoting  cellular  radio  and 
personal  communications  systems  base  stations.  Electroabsorption  modulators 
have  been  demonstrated  to  give  high  linearity  when  used  in  external  modulation 
analog  optical  links^.  Monolithically  integrated  laser/electroabsorption  modulators 
have  been  demonstrated  to  be  useful  for  long-haul  multi-gigabit  digital 
communications2.3.  Integrated  laser/modulators  have  been  demonstrated  for 
analog  applications  up  to  lOMHz^.  In  this  paper,  we  demonstrate  a  monolithically 
integrated  laser/electroabsorption  modulator  for  high-frequency  analog  link 
applications.  The  monolithic  laser/modulator  is  shown  to  offer  good  linearity  with 
considerably  reduced  size  and  weight  compared  to  an  external  electroabsorption 
modulator  with  a  Nd:YAG  pump  laser. 

The  1.55|im  laser  and  modulator  were  grown  by  metal  organic  vapor  phase 
epitaxy  (MOVPE).  The  active  region  of  the  laser  and  modulator  consist  of  seven 
InGaAs  quantum  wells.  The  electroabsorption  (EA)  modulator  is  based  on  the 
quantum-confinement  Stark  effect  (QCSE),  using  selective  area  growth  to  control 
the  in-plane  bandgap  energy^. 

The  experimental  configuration  is  shown  in  Fig.  1.  The  laser  bias  was  85mA, 
and  the  modulator  was  reversed-biased  at  .91V.  The  estimated  optical  power  into 
the  electroabsorption  modulator  was  14mW.  The  output  of  the  laser/modulator  was 
coupled  into  a  200m  optical  fiber  using  a  micromachined  fiber  lens.  The  fiber 
output  was  angle-cleaved  and  used  to  illuminate  an  analog  photodetector.  The 
photodetector  had  a  reverse  bias  of  4V  and  a  photocurrent  of  0.4mA. 

The  dynamic  range  was  characterized  for  an  octave  bandwidth  450MHz  link. 
Unlike  ordinary  Mach-Zender  modulators,  electroabsorption  modulators  have  a  null 
in  third-order  nonlinearity  for  finite  transmission^  The  absorber  bias  was  set  to  this 
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high  linearity  point.  The  intermodulation  products  were  produced  by  the  fifth-order 
nonlinearity,  resulting  in  intermodulation  products  with  a  slope  of  five.  The  resulting 
spurious-free  dynamic  range  was  116dB*Hz4/5.  This  is  lower  than  the  SFDR  of 
123dB*Hz^^5  measured  using  a  bulk  electroabsorption  external  modulator  pumped 
by  a  34mW  Nd:YAG  laserT 

The  performance  of  the  monolithic  laser/modulator  is  lower  than  if  the  same 
device  were  used  as  an  external  modulator  due  to  the  higher  relative  intensity  noise 
(RIN)  of  a  semiconductor  laser.  The  SFDR  would  be  increased  to  ~118dB«Hz4/5  jf  jt 
were  used  with  an  external  modulator  with  a  14mW  Nd:YAG  laser  as  the  optical 
source.  The  SFDR  of  the  link  could  be  further  increased  by  obtaining  higher  power 
from  the  pump  laser. 

In  summary,  a  monolithic  laser/electroabsorption  modulator  has  been 
demonstrated  as  a  compact,  efficient  source  for  high  linearity  analog  links.  This 
work  was  prepared  for  the  Department  of  the  Air  Force  under  Contract  F1 9628-95- 
C-002. 
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1.  Experimental  configuration  for  the  analog  fiber  link  using  a  monolithic 
laser/electroabsorption  modulator. 


2.  Spurious-free  dynamic  range  at  450MHz  using  the  monolithic 
laser/electroabsorption  modulator. 
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A  high  frequency  current  modulation  technique  was  used  to  measure  the  linewidth  enhancement 
factor  of  vertical  cavity  surface  emitting  lasers.  It  is  found  that  the  ratio  of  the  phase  modulation 
index  P  to  the  amplitude  modulation  index  m/2  is  a  strong  function  of  modulation  frequency  Q, 
due  to  the  presence  of  nonlinear  gain,  as  reported  for  many  kinds  of  edge-emitting  semiconductor 
lasers'  ".  The  linewidth  enhancement  factor  and  nonlinear  gain  coefficient  were  obtained  from 
measurements  of  2p/m  versus  Q.  The  measured  nonlinear  gain  of  the  VCSEL  device  was  found 
to  decrease  for  an  increased  pump  level. 


Single  mode  rate  equations^  were  used  for  small  signal  analysis  with  the  inclusion  of  a  nonlinear 
gain  term  to  the  net  gain.  Various  mechanisms  of  nonlinear  gain  have  been  reported,  such  as 
spectral  hole  burning,  carrier  heating,  carrier  transport,  and  nonuniform  distribution  of  photon 
density^'^’^'^.  We  use  a  phenomenological  expression  to  the  describe  nonlinearity  in  gain  which 
encompasses  all  of  the  above  mechanisms  to  first  order;  the  equations  are  given  by: 


^  =  {g,v  [A(r)  -  N,  Jl-  €  /(/)]  -  {N„  -  )}/(r) 


dt 

dNjt) 

dt 


=  |g^[A(0-No] 


(1) 

(2) 

(3) 


Here  I(t)  is  the  photon  number,  is  the  relative  phase  of  the  electrical  field,  N(t)  and  are 
instantaneous  carrier  number  and  carrier  number  at  threshold,  and  Nq  is  value  of  N  for 
transparency.  The  total  gain  includes  a  linear  part  as  G=G^[N(t)-NQ],  where  G/^dG/dN,  with 
the  unit  of  s''  and  a  nonlinear  gain  term  -Gel(t).  e  is  the  nonlinear  gain  coefficient.  The  frequency 
dependence  of  nonlinear  gain  is  ignored  here  because  the  time  scale  associated  with  nonlinear  gain 
is  sub-picosecond,  much  faster  than  the  current  modulation,  a  is  the  linewidth  enhancement 
factor,  J  is  the  pump  rate  and  is  the  earner  lifetime.  The  spontaneous  emission  noise  terms  are 
ignored  in  the  equations  (l)-(3). 


For  the  small  signal  analysis  we  define  l(t)=I,+i(t),  <^(t)=(£i,t+(p(t),  N(t)=Ns+n(t),  where  /^,  (O^ 
and  Ay  are  the  steady  state  values  for  intensity,  frequency  and  carrier  number.  If  the  intensity  and 
phase  are  modulated  by  direct  current  modulation  at  frequency  £2,  then  I(t)=Is[l+m-cos(Qt)]  and 

Here,  m  and  P  are  the  intensity  and  phase  modulation  index.  Therefore 
i(t)=ml^-cos(Q.t),  the  amplitude  of  di(t)/dt  and  d<^t)/dt  are  Q  ml^  and  £2  p. 

Inserting  these  values  into  (1-3)  to  first  order,  we  obtain: 


(4) 
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This  result  is  identical  with  that  reported'  for  edge-emitting  lasers,  except  that  cross  saturation 
effects  can  be  ignored  in  the  case  of  a  VCSEL  as  it  is  single  mode.  Because  is  a  small 
number,  normally  in  the  order  of  0.01-0.1,  a(7+e/J=a  is  a  reasonable  approximation  in  the 
measurement.  Let  us  define 

S=G€l/2%,  (5) 

and  we  can  obtain  S  by  measuring  2p//n  versus/ (27t/=Ql. 

A  single  mode  VCSEL  (4-QW,  10|im  window  size  and  15(im  implant  size)*  operating  at  ~840nm 
at  300K  ambient  temperature  was  used  in  the  experiment.  The  VCSEL  was  operating  in  a  single 
mode,  where  one  polarization  emission  dominated.  Modulation  of  the  pump  current  created  an 
intensity  and  phase  modulation  in  the  VCSEL  emission.  The  intensity  modulation  index  m  was 
measured  using  a  Schottky  photodetector  (model  1404,  NewFocus).  The  DC  photocurrent  was 
read  from  the  50Q  terminator,  while  the  AC  photocurrent  was  read  by  a  spectrum  analyzer 
(Tektronik  2755P)  and  calibrated  by  a  network  analyzer  (HP  8720A).  The  optical  spectrum  of  the 
laser  emission  was  measured  using  a  scanning  Fabry-Perot  interferometer.  The  value  of  P  was 
obtained  from  the  ratio  of  the  center  carrier  peak  in  the  spectrum  to  the  side  peaks^  ‘°. 


Fig.l.  Measured  normalized  phase  modulation  index 
2p//n  versus  modulation  frequency /for  a  single 
mode  VCSEL.  The  pump  level  is  I=1.32  Iu„  the 
output  power  is  P=0.46mW. 
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modulation  frequency  (GHz) 


Fig.l  shows  one  measured  curve  of  2p//n  versus /for  the  VCSEL.  It  is  seen  that  2^/m  is  a  strong 
function  of  modulation  frequency/.  From  equation  (4)  it  is  clear  that  as /->«?,  2p//n— >a.  We  then 
plotted  the  data  as  (2^mf  versus  l/f  and  obtained  a  straight  line  with  the  intercept 
corresponding  to  and  the  slope  to  Fig.2  shows  two  typical  measured  curves. 


(1/f)^  (1/GH2)^ 


Fig.  2.  Measured  (2^mf  versus  I/f.  The  data  •  are 
with  I=1.13  Ith  and  P=0.2mW,  the  data  ■  are: 
1=1.47  Ith  and  P=0,58mW.  The  solid  lines  are 
fitting  lines  with  the  interception  of  and  the 
slope  of  (see  text). 
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It  is  clear  that  the  value  of  a  at  different  power  levels  is  convergent.  The  average  a  value  of 
several  measurements  at  different  power  levels  was  (X=2.7±0.5. 


Fig. 3  gives  the  gain  compression  S  for  the  VCSEL  as  the  function  of  output  power  level.  It  is 
seen  that  S  increases  initially  for  increasing  power,  then  decreases  dramatically.  This  might  be 
because  higher  order  nonlinear  gain  terms  should  be  included,  or  that  the  nonlinear  gain 
coefficient  e  is  dependent  on  the  differential  gain'’.  It  is  well  known  that  thermal  effects  cause  an 
obvious  decrease  in  differential  gain  with  increasing  pump  for  a  CW -running  VCSEL,  causing  the 
observed  decrease  of  the  nonlinear  gain.  It  is  reasonable  to  assume  that  the  first  order 
approximation  is  correct  for  very  low  power  levels.  Then  the  e  value  can  be  obtained  from  the 
low  power  data.  Knowing  the  quantum  efficiency  and  output  coupling  efficiency,  e  =7.9x10'^ 
was  obtained  for  an  output  power  P=0.2mW,  We  estimate  the  active  volume  as  V=  1.38x10'“ 
cm',  giving  e  ^=1.1x10''^  cm^. 
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Fig. 3.  Measured  nonlinear  gain  S=Gel/2%  s‘} 

versus  output  power  P(mW}.  The  corresponding 
pump  level  are:  I=1.13  Ith,  1.25  Iu„  1.32  I,h,  and 
1.47  Iih„  respectively. 


Although  high  frequency  modulation  technique  has  been  used  for  a  measurements  of  single  mode 
lasers  for  a  long  time,  we  found  that  it  is  still  difficult  to  reduce  the  measurement  error,  mainly 
because  the  absolute  AC  power  of  laser  emission  is  required.  The  system  for  high  frequency 
power  measurement  should  be  calibrated  carefiiUy.  An  error  of  2dB  for  the  AC  power 
measurement  was  estimated  in  our  experiment,  which  causes  a  error  of  -20%  in  final  results. 


The  nonlinear  gain  of  a  VCSEL  running  CW  shows  abnormal  behavior.  As  we  discussed  above, 
that  may  be  a  result  of  a  decrease  in  differential  gain  for  increasing  pump  current.  However,  the 
severe  thermal  effects  in  VCSEL  can  also  cause  changes  in  other  laser  parameters  such  as 
threshold  gain,  lasing  wavelength,  refractive  index  (therefore  waveguide  structure),  etc.  This 
makes  quantitative  analysis  of  nonlinear  gain  quite  difficult.  Further  work  will  be  needed  to  study 
nonlinear  gain  in  VCSELs. 
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Cryogenic  operation  of  semiconductor  lasers  offers  the  potential  for  greater  bandwidth 
due  to  improved  frequency  modulation  response,'  -  lower  threshold  current,  and  higher  power 
efficiency^  over  that  of  room  temperature  operation.  The  3  dB  electrical  modulation  bandwidth 
can  be  determined  from  the  relaxation  oscillation  frequency  as  located  from  the  peak  in  the 
relative  intensity  noise  (RIN)  spectrum."'  In  this  report  we  show  that  the  cryogenic  RIN  of  a 
commercial  1.5  ixm  InGaAsP  laser  is  significantly  reduced  below  room  temperature  values  over 
a  major  portion  of  a  22  GHz  measurement  bandwidth,  yielding  increased  potential  for  ultrahigh 
speed  modulation.  Low  RIN  lasers  are  also  useful  for  determining  the  optimum  performance 
of  advanced  photodetectors,  for  measuring  noise  figure  of  optical  fiber  amplifiers,  and  as 
reference  standards  for  the  comparison  and  evaluation  of  RIN  measurements. 

We  define  the  RJN^  '’  of  a  laser  of  output  power  p(t)  and  fluctuation  5p(t)  as  the  ratio  of 
the  mean  square  of  the  fluctuation  to  the  square  of  the  average  power,  or  RIN  = 
<6p(t)->/  <p(t)  >-.  In  the  electrical  domain,  the  RIN  at  some  arbitrary  frequency  is  obtained 
by  weighting  the  intensity  noise  per  unit  bandwidth  dP(v)  from  an  rf  electrical  spectrum  analyzer 
with  the  appropriate  system  frequency  response  w(j^)  and  dividing  by  the  electrical  dc  power  P. 
Thus  RIN(j^)  =  w(;')(5P(i')/P. 

Figure  1  is  a  schematic  of  our  RIN  measurement  system.^  A  p-type-down  InGaAsP 
laser,  driven  by  a  battery-operated  constant  current  input,  is  cooled  to  77  K  by  mounting  it  on 
a  heat  sink  in  the  vacuum  chamber  of  a  cryostat  filled  with  liquid  nitrogen.  The  light  is 
collimated  inside  the  chamber  with  a  micro-lens  in  thermal  contact  with  the  laser  mount.  The 
emerging  beam  is  optically  isolated  and  focussed  onto  a  25  GHz  bandwidth  photodetector.  A 
biastee  sends  the  dc  portion  of  the  detector  output  to  a  voltmeter  while  the  ac  portion  is 
preamplified  and  recorded  with  a  26  GHz  spectrum  analyzer.  By  careful  determination  of  the 
system’s  frequency  response  w(j'),  we  conclude  that  measurement  uncertainty  over  a  22  GHz 
bandwidth  is  ±  3  dB. 
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Fig  1:  Cryogenic  RIN  measurement  system. 


Results:  Figure  2  shows  the  dependence  of  the  laser’s  optical  power  output  on  drive  current  at 
cryogenic  (77  K)  and  room  (300  K)  temperature.  At  300  K  the  threshold  current  is  ~  15.5  mA; 
at  77  K  it  has  fallen  to  «0.75  mA,  showing  a  large  increase  in  external  quanmrn  efficiency. 
In  Figures  3  and  4,  we  compare  drive  current  dependence  of  the  300  K  and  77  K  RIN  at  2  and 
22  GHz  respectively.  For  each  frequency,  the  RIN  at  77  K  is  significantly  lower  than  at  300 
K  for  currents  many  times  above  threshold.  At  77  K,  as  current  is  increased  beyond  the 
corresponding  room  temperahire  threshold  value,  the  RIN  reduction  begins  to  decrease.  For  2 
GHz  (Fig.  2)  with  current  at  22.7  mA,  the  power  output  increases  from  =1.2  mW  to  »5  mW 
while  the  RIN  (Fig.  3)  decreases  by  ~22  dB/Hz. 

In  Figure  5,  we  compare  the  77  K  and  300  K  RIN  from  1  to  22  GHz.  The  drive  current 
is  set  so  that  optical  power  outputs  are  equal  («3.4  mW)  at  both  temperatures:  36.7  mA  at  300 
K  and  17  mA  at  77  K.  The  maximum  peak  in  the  300  K  RIN  spectrum  locates  the  relaxation 
oscillation  frequency  at  Qf~5.5  GHz,  with  a  3  dB  electrical  bandwidth  of  8.5  GHz.'*  At  77  K 
the  RIN  reduction  is  significant  for  frequencies  to  «  11  GHz,  with  the  maximum  reduction  of 
14  dB/Hz  occurring  at  =5.5  GHz.  Near  20  GHz  the  slight  difference  observed  falls  within 
measurement  uncertainty.  The  absence  of  a  RIN  peak  anywhere  within  the  22  GHz 
measurement  bandwidth  indicates  that  0^  has  risen  to  >22  GHz,  and  that  the  integrated  RIN 
over  the  entire  bandwidth  is  significantly  reduced. 
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Fig.  2:  Optica!  power  output  vs.  drive 
current  at  300  K  and  at  77  K. 


Fig  3:  2  GHz  RIN  dependence  on 
drive  current  at  300  and  77  K  . 


Frequency  (GHz) 


Fig  4;  22  GHz  RIN  dependence  on  drive 
current  at  300  and  77  K  . 


Fig  5;  Cryogenic  (77  K)  and  room  temperature 
(300  K)  RIN  at  same  optical  power  output  (3.4  mW). 
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Conclusion 

Cryogenic  operation  of  a  commercial  1.5  /^tm  InGaAsP  laser  significantly  reduces  its  RIN 
at  frequencies  to  ~  11  GHz  and  its  integrated  RIN  over  a  22  GHz  measurement  bandwidth.  The 
large  RIN  peak  occuring  at  the  relaxation  oscillation  frequency  at  room  temperature  vanishes 
within  the  22  GHz  bandwidth  at  77  K.  Such  behavior  indicates  strong  potential  for  applications 
in  ultrahigh  speed  optical  communications. 
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Introduction 

Different  schemes  for  realising  photonic  and  optoelectronic  integrated  Circuits  (OEICs  & 
PICs)  have  been  studied  to  replace  the  well  known  etch  and  overgrowth  technique.  The  latter  is 
usually  associated  with  low  efficiencies  due  to  the  nonradiative  centres  generated  at  the  regrown 
interfaces  and  poor  yield  performance.  Quantum  well  intermixing  (QWI)  has  been  developed  so 
it  is  now  a  major  contender  for  replacing  the  etch  and  regrowth  method.  Various  QWI 
techniques  have  been  developed  [l]-[3] — one  of  these  is  to  use  point  defects  created  by 
exposure  to  a  hydrogen  for  layer  intermixing;  such  a  process  has  been  used  to  realise  PICs  and 
OEICs  [4]  in  materials  with  profiles  that  incorporate  quantum  wells  at  depths  typical  to  those 
used  for  realising  laser  diodes  (about  1  pm  deep). 

Hydrogen  plasma  induced  defect  layer  intermixing  is  based  on  introducing  point  defects 
[5]  into  sections  of  the  material  exposed  to  the  hydrogen  plasma  glow  discharge  in  a  reactive  ion 
etching  machine.  The  point  defects  then  propagate  through  the  material  by  annealing  the  sample 
in  a  rapid  thermal  annealer  (RTA).  During  the  annealing  step,  QWI  takes  place  due  to  the 
exchange  of  Ga  and  A1  atoms  between  the  wells  and  the  cladding. 

Process  Analysis 

By  exposing  the  sample  to  the  H2  plasma,  defects  are  generated  with  an  exponential 
depth  profile  [6].  Such  defects  include  group  HI  vacancies  and  interstitials,  which  are  the  major 
contributors  to  the  QWI  process  [7].  Hydrogen  forms  both  positive  and  neutral  ions  in  the 
sample,  leading  to  the  following  reactions  in  materials  doped  with  the  p-type  dopants  zinc  and 
carbon  [11]: 

[C/Zn]-^+H"^{[C/Zn]c^H}°, 

[C  /  Zn]-^  +  {[C  /  Zn]c3  h|°  . 

The  formation  of  the  nev/  bonds  passivates  the  free  carriers  in  the  semiconductor.  Hydrogen 
also  causes  passivation  of  deep  level  traps,  consequently  increasing  the  nonradiative  life-time. 
Both  the  shallow  and  deep  level  traps  are  reactivated  after  the  annealing  step,  which  takes  place 
at  850  °C.  Passivated  shallov/  and  deep  level  traps  are  activated  at  400  °C  and  600  °C 
respectively  [13].  The  hydrogen  depth  range  can  be  verified  experimentally  by  using  deuterons 
in  an  identical  process  together  with  SIMS  measurements.  In  our  process  the  sections  in  which 
it  is  desired  to  retain  the  wafer  original  features,  usually  for  active  gain  sections,  are  capped  with 
SrF2.  Strontium  fluoride  has  been  shown  to  be  a  suitable  capping  layer  to  screen  the  plasma 
from  the  sample  surface.  The  hydrogen  plasma  range  in  the  SrF2  was  computed  using  the 
TRIM  ion  implantation  simulation  program  and  found  to  be  ~25  nm  [8]. 

Subsequendy  the  samples  are  annealed  in  the  RTA.  During  the  fast  controlled  heating  of 
the  samples  (\yhich  are  placed  under  GaAs  caps  to  provide  an  As  over-pressure)  the  group  HI 
point  defects  introduced  during  the  plasma  exposure  move  both  towards  the  surface  of  the 
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sample,  where  they  are  released,  and  inwards  towards  the  quantum  wells.  The  profile  of  the 
defects  after  the  annealing  stage  is  currently  under  investigation,  but  it  is  not  expected  to  have  an 
etfc  profile  as  in  the  case  of  impurity  free  vacancy  disordering  (IFVD),  since  the  boundary 
conditions  are  different  [9].  The  defects  that  move  down  toough  the  material  leading  to 
intermixing  in  quantum  well  region.  Hydrogen  was  used  as  the  implantation  species  since  it  has 
a  low  atomic  mass.  The  low  mass  provides  a  low  cross-over  energy  between  the  two  energy 
loss  mechanisms  that  implanted  species  experience.  At  high  energies,  at  the  beginning  of  the 
implantation  track,  the  ion-electron  interaction  is  the  dorrun^t  energy  loss  mechanism.  At  lower 
energies,  towards  the  end  of  the  implantation  track,  atomic  interactions  are  the  main  cause  of  the 
ion  energy  loss:  such  an  interaction  results  in  Frenkel  pair  type  of  defect  [10].  The  Frenkel  pair 
defect  is  an  essential  factor  for  the  QWI  process.  On  the  other  hand,  the  concentration  of  defects 
introduced  by  hydrogen  ion  bombardment  is  low.  This  necessitates  several  cycles  of  plasma 
exposure  and  annealing  to  introduce  an  adequate  number  of  defects  to  have  the  desired 
magnitudes  of  intermixing. 

Bandgap  tuned  75  |im  oxide  stripe  laser  diodes  have  been  fabricated  [4],  by  using  this 
process.  Shifts  of  about  25  nm  were  achieved,  with  the  internal  laser  loss  remaining  unchanged 
at  around  9.8  ern'k  Such  a  shift  was  achieved  after  8  cycles  of  exposure  to  the  hydrogen 
plasma.  However  further  knowledge  of  the  process  and  its  resolution  limit  for  quantum  wells  at 
the  desired  depths  is  necessary  for  properly  utilising  it. 

Experiments  and  Results 

SrF2  gratings,  with  periods  ranging  from  14  [am  to  22  qm,  were  fabricated  on  the 
surface  of  the  sample  with  a  1:1  ratio.  The  material  used  was  a  typical  laser  with  a  double 
quantum  well  (DQW)  as  the  active  layer  at  a  depth  of  0.9  pm.  The  aluminium  concentration  in 
the  barrier  was  43  %.  The  samples  underwent  6  cycles  of  plasma  exposure  and  RTA.  Shifts  of 
about  25  nm  between  the  capped  and  uncapped  layers  were  observed.  The  77  K  PL 
measurement  results  can  be  seen  in  Fig.  2.  The  grating  samples  should  result  in  QWI  with  a 
repetitive  profile — one  region  intermixed  and  the  other  is  not  non-intermixed  as  shown  m 
Fig.  1.  We  therefore  expect  a  two  peaked  PL  spectrum  resulting  from  recombination  in  the  two 
regions.  As  can  be  seen  in  Fig.  2,  the  gating  sample  PL  spectrum  is  indeed  dual  peaked.  The 
longer  wavelength  peak  has  the  higher  intensity,  since  it  corresponds  to  the  narrowest  bandgap 
region  in  the  sample  into  which  carriers  diffuse  prior  to  recombination.  The  grating  spacing  at 
which  the  two  p)eaks  overlap  should  represent  the  resolution  limit. 

As  we  expected  from  the  description  of  the  process,  the  peaks  are  well  separated,  even 
for  the  14  jim  pitch  grating — the  resolution  limit  is  therefore  considerably  less  than  7  jim.  The 
limit  of  fairly  close  material  profile  for  the  IFVD  process  using  a  similar  intermixing  inhibitor 
cap  SrF2,  was  reported  to  be  about  5  |im  [12].  The  process  in  hand,  as  expected,  shows  the 
potential  to  possess  a  higher  resolution  than  that  of  the  IFVD  process.  It  should  be  noted  that  the 
comparison  is  done  using  the  same  intermixing  inhibitor  cap,  SrF2,  in  an  attempt  to  eliminate 
the  thermal  stress  factor  introduced  by  the  capping  layer  during  the  RTA  stage. 

Conclusion 

We  have  demonstrated  the  potential  of  the  plasma  induced  defect  layer  intermixing 
process  as  a  promising  candidate  for  high  resolution,  large  bandgap  shift  quantum  well 
intermixing  process.  Simple  grating  experiment  was  used  to  reveal  the  resolution  limit  of  the 
process.  Thus  such  features  should  allow  the  realisation  of  OEIC  and  PIC  related  processes, 
which  were  otherwise  realised  using  etched  and  regrowth,  higher  order  DFB  and  DBR  gratings 
as  well  high  precision  external  cavities  are  anticipated  applications  for  such  a  process.  TEM 
measurements  will  be  made  to  examine  the  true  resolution  limit  of  the  process,  and  a  ridge 
waveguide  laser  with  an  extended  cavity  intermixed  using  the  process  is  in  the  process  of  being 
tested. 
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Fig.  1  A  schematic  for  the  quantum  well  profile  at,  a)  partial  intermixing  b)  complete  intermixing  at  the 
resolution  limit.  The  thick  lines  represent  intermixed  wells  and  the  thin  ones  represent  as-grown  wells. 
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Introduction 

Lasers  operating  in  the  visible  region  633  nm-670  nm  are  in  demand  for  such  applications  as 
optical  disk  systems,  laser  beam  printing  and  optical  sources  for  pumping  solid-state  lasers^, 
including  Cr:LISAF  and  Cr:LISCAF  lasers.  As  in  other  wavelength  regions,  it  would  be  of 
obvious  advantage  to  bandgap  shift  regions  of  the  as-grown  structures  to  form  low-loss 
modulator  and  coupler  sections,  and  non-absorbing  mirrors  for  high  power  operation.  In  this 
paper  we  present  for  the  first  time,  to  our  knowledge,  quantum  well  intermixing  using 
photoabsorption  induced  disordering  (PAID)  in  the  GaInP/AlGaInP.  This  technique  has 
already  been  successfully  developed  for  use  in  the  InGaAsP/InP.  In  the  process,  the  sample  is 
irradiated  with  a  high-power  laser  whose  wavelength  is  larger  than  the  bandgap  of  the  layers  in 
the  epitaxial  semiconductor  structure.  The  layers  are  intermixed  when  heat  is  generated  by 
carrier  cooling  and  non-radiative  recombination.  Large  blue-shifts  of  the  bandgap  can  be 
obtained  and  both  bandgap  tuned  lasers^  and  modulators^  have  been  demonstrated  using  PAID 
in  the  InGaAsP  system  with  a  Nd;YAG  laser  used  to  induce  intermixing  .  The  optical  source 
used  for  the  GaInP/AlGalnP  system  was  an  argon  ion  laser  operating  CW. 

Layer  Structure 

The  layer  investigated  is  shown  in  below  in  Figure  1.  The  structure  was  grown  on  a  GaAs 
substrate  and  contained  a  single  80  A  Gao.43Ino.57P  quantum  well  with  1  pm  thick  AlGalnP 
cladding  layers.  Lasers  fabricated  from  the  material  had  a  threshold  current  density  of 
325  A/cm2. 
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Graded  region 


GaAs  0.2tJ.m  1x10^^  Zn 

AIGalnPliim  6x10^^  Zn 


GalnP  SOAwell 


AIGalnP  1|im  2x10^^  Si 


GaAs  buffer  0.5|im  2x10^^  Si 


Figure  1  Diagram  of  layer  structure  used  for  intermixing 


Experimental  Set-up 

A  layer  of  silica  (200  nm)  was  deposited  on  the  samples  to  prevent  damage  to  the  surface 
diuing  the  intermixing  process  and  to  encapsulate  any  As  from  the  cap  layer  which  may  be 
released  due  to  heat.  The  photoluminescence  of  the  sample  was  measured  at  77  K  and  found  to 
be  650  nm.  The  sample  was  then  placed  on  a  ceramic  plate  on  a  hotplate  at  a  temperature  of 
250  °C.  A  thermocouple  was  placed  in  contact  with  the  sample  to  monitor  the  temperature 
throughout  the  experiment.  The  output  from  the  argon  ion  laser  (5  W,  all  lines)  was  initially 
incident  onto  the  sample  with  a  beam  diameter  of  3  mm.  A  control  sample  was  also  placed  on 
the  hotplate  to  monitor  the  effect  of  low  temperature  heating  on  the  structure  over  the  duration 
of  the  experiment.  This  raised  the  temperature  of  the  sample  to  670  °C.  The  sample  was 
exposed  to  the  laser  beam  for  a  range  of  times  between  1  and  20  minutes.  In  all  cases  the  PL 
remained  unchanged  and  no  damage  was  observed  on  the  sample.  Next  the  laser  beam  was 
more  tightly  focused  to  a  diameter  of  0.5  mm,  and  the  temperature  of  the  sample  rose  to 
850°C.  No  shift  in  the  PL  was  observed  for  periods  of  5  minutes  and  less.  After  15  minutes 
exposure  to  the  laser,  a  shift  in  the  PL  peak  of  10  nm  (30  meV)  was  observed,  as  shown  in 
Figure  2.  In  this  case  some  damage  was  observed  on  the  surface  possibly  because  the  layer  of 
silica  was  too  thin.  500  nm  thick  layers  will  be  used  in  future  experiments. 

Conclusion 

Intermixing  has  been  demonstrated  using  the  PAID  process  for  the  GaInP/AlGalnP  material 
system.  A  shift  of  30  meV  was  obtained  using  a  5  W  argon  ion  laser  as  the  intermixing 
source.  A  control  sample  was  used  to  eliminate  the  possibility  that  low  temperature  annealing 
of  the  sample  on  the  hotplate  was  occurring.  It  is  intended  to  use  this  intermixing  technique  to 
fabricate  non-absorbing  mirrors  at  the  facets  of  a  laser  device,  allowing  high  power  operation 
to  be  achieved. 
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Argon  Ion  -  Quantum  Well  Intermixing 


no  anneal 

15  minutes  anneal  -  850° 


Wavelength  (nm) 


Figure  2  PL  spectra  of  sample  before  and  after  annealing  with  an  argon  ion  laser 
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Magnetoopic  (MO)  interactions  between  guided-optical  waves  and  magnetostatic 
waves  (MSWs)  in  a  suitable  magnetic  substrate  such  as  the  yttrium  iron  garnet-gadolinium 
gallium  garnet  (YIG-GGG)  waveguides  [1]  has  continued  to  be  a  subject  of  considerable 
interest  [2],  MSW  can  be  readily  and  efficiently  generated  by  applying  a  microwave  signal 
to  a  microstrip  line  transducer,  deposited  directly  on  or  brought  over  the  YIG-GGG 
waveguide  substrate.  For  the  YIG-GGG  waveguide  substrate,  the  carrier  frequency  of  the 
MSW  can  be  tuned,  typically  from  0.5  to  around  20  GHz,  by  simply  varying  an  external  DC 
bias  magnetic  field.  MO  Bragg  diffractions  result  from  the  moving  optical  gratings  induced 
by  the  MSW  through  the  Faraday  and  Cotton-Mouton  effects  [3]  in  a  manner  similar  to 
guided-wave  acoustooptic  (AO)  Bragg  diffractions  in  which  the  surface  acoustic  waves 
(SAW)  induce  moving  optical  gratings  through  the  photoelastic  effects  [4] .  In  analogy  with 
the  AO  Bragg  cells,  the  resulting  MO  modulators  are  called  the  MO  Bragg  cells  [5].  Such 
YIG-GGG-based  MO  Bragg  cells  have  demonstrated  the  following  unique  advantages  in 
comparison  to  their  AO  counterparts:  (1)  A  large  range  of  tunable  carrier  frequency  (0.5  to 
around  20  GHz)  may  be  obtained  by  varying  the  bias  magnetic  field.  When  used  as  a 
modulator  such  high  and  tunable  carrier  frequencies  with  the  MO  devices  allow  direct 
processing  at  the  carrier  frequency  of  wideband  RF  signals  and,  thus,  eliminate  the  need  for 
indirect  processing  via  frequency  down-conversion  as  is  required  with  the  AO  devices,  (2)  A 
large  MO  bandwidth  may  be  realized  by  means  of  a  simpler  transducer,  and  (3)  much  higher 
and  electronically  tunable  modulation/switching  and  scanning  speeds  are  achievable  because 
the  velocity  of  propagation  for  the  MSWs  can  be  higher  than  that  of  the  SAWs  by  one  to 
three  orders  of  magnitude.  Consequently,  such  MO  Bragg  cell  modulators  possess  the 
potential  for  unique  applications  in  wideband  real-time  RF  signal  processing  and  high-speed 
multiport  optical  switching.  [2] 


*  This  work  was  supported  by  the  ONR 
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However,  the  MO  Bragg  diffraction  efficiency  (commonly  defined  as  the  Bragg 
diffracted  light  power  per  RF  drive  power  in  percentage)  that  has  been  reported  heretofore 
was  relatively  low.  For  example,  at  an  RF  drive  power  of  one  watt  a  10%  diffraction 
efficiency  for  the  MO  Bragg  cell  versus  a  80%  diffraction  efficiency  for  the  AO  Bragg  cell 
has  been  typical.  [4,5].  Thus,  from  the  standpoint  of  practical  application,  it  is  desirable  to 
achieve  as  high  a  diffraction  efficiency  at  as  low  an  RF  drive  power  as  possible.  In  this 
paper  we  report  a  new  technique  for  enhancement  of  the  MO  Bragg  diffraction  efficiency 
using  a  nonuniform  bias  magnetic  field.  Enhancement  of  MO  diffraction  efficiency  by  as 
much  as  six  times  and  a  diffraction  efficiency  as  high  as  60%  have  been  achieved. 

We  have  found  that  the  inferior  MO  Bragg  diffraction  efficiency,  in  comparison  to 
the  AO  Bragg  cell  counterpart,  is  a  result  of  the  large  angular  beam  spread  (or  wave  vector 
spread)  of  the  MSWs  generated  by  a  conventional  transducer.  For  a  MSW  transducer  with 
aperture  L,  the  angular  beam  spread  0  of  the  MSW  generated  is  roughly  given  by  (Al'L)  in 
radian  in  which  A  designates  the  wavelength  of  the  MSW,  Since  for  a  given  RF  drive 
frequency,  the  wavelength  of  the  MSW  is  significantly  larger  than  that  of  the  corresponding 
SAW,  the  angular  beam  spread  of  the  MSW  (from  identical  transducer  aperture  L)  is  also 
correspondingly  larger.  Now,  at  a  given  RF  drive  frequency  the  wave  vector  of  the  incident 
light  wave  finds  only  a  small  angular  range  of  the  wave  vector  of  the  MSW,  within  the  large 
angular  beam  spread,  to  satisfy  the  Bragg  condition  and  undergo  Bragg  diffraction.  As  a 
result,  all  of  the  MSW  powers  that  associate  with  the  remaining  range  of  wave  vector  spread 
do  not  contribute  to  Bragg  diffraction,  and  are  considered  wasted.  The  physical  mechanism 
just  described  suggests  that  in  order  to  increase  the  MO  Bragg  diffraction  efficiency  the 
angular  beam  spread  of  the  MSW  must  be  reduced. 

We  have  employed  a  nonuniform  bias  magnetic  field  to  reduce  the  angular  beam 
spread  of  the  MSW  and,  thus,  enhance  the  MO  Bragg  diffraction.  Since  the  velocity  of 
propagation  of  the  MSW  is  a  sensitive  function  of  the  bias  magnetic  field,  a  nonuniform 
magnetic  field  will  modify  the  wavefront  of  the  MSW  and,  thus,  create  a  leasing  effect 
upon  the  MSW  which  in  turn  reduces  its  angular  beam  spread.  In  this  work  the  nonuniform 
bias  magnetic  field  was  facilitated  by  using  a  nonuniform  airgap,  in  which  the  YIG-GGG 
MO  Bragg  cell  sample  of  5.0  mm  transducer  aperture  was  inserted,  in  a  compact  Sm-Co 
magnetic  circuit.  A  two-to-six-fold  increase  in  the  MO  Bragg  diffraction  efficiency  over 
that  measured  using  a  uniform  bias  magnetic  field  of  comparable  strength  has  been 
accomplished.  For  example.  Fig.  1  shows  the  experimental  data  for  the  cases  with  uniform 
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and  nonuniform  bias  magnetic  fields  at  the  carrier  center  frequency  of  2.3  GHz,  indicating  a 
diffraction  efficiency  enhancement  by  six  times.  Fig.  2  is  the  plot  of  diffraction  efficiency 
versus  RF  drive  power.  A  diffraction  efficiency  as  high  as  60%  has  been  achieved  at  an  RF 
drive  power  of  only  0.37  watt.  Thus,  a  sixteen-fold  enhancement  in  diffraction  efficiency 
per  watt  RF  drive  power  has  been  achieved  when  compared  to  the  typical  earlier 
performance  figure  of  10%  at  1.0  watt  RF  drive  power  obtained  using  a  uniform  bias 
magnetic  field  [5].  Finally,  the  measured  frequency  responses  indicate  that  the  nonuniform 
magnetic  field  has  had  only  a  minor  effect  on  the  bandwidth  (approximately  500  Mhz)  of  the 
MO  Bragg  cell. 

In  summary,  theoretical  and  experimental  results  on  a  new  technique  for  greatly 
enhancing  the  diffraction  efficiency  of  guided-wave  magnetooptic  Bragg  cell  modulators  are 
presented. 
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Fig.l  Magnetooptic  Bragg  Diffraction  Efficiency  Enhancement  Using 
Non-Uniform  Bias  Magnetic  Field 


RF  Power  [mW] 


Fig.2  Magnetooptic  Bragg  Diffraction  Efficiency  Versus  RF  Drive  Power 
Under  Non-Uniform  Magnetic  Field 
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Modeling  of  laser  performance  has  become  increasingly  important  as  the  performance 
requirements  for  lasers  in  telecommunications  applications  have  become  more  demanding.  The 
utility  of  modeling  properties  such  as  optical  gain  is  tied  to  the  use  of  multiquantum  well  (MQW) 
structures  to  improve  laser  performance.  A  multidimensional  design  space  must  be  mapped  out. 
At  the  same  time,  development  of  low  cost,  uncooled  laser  modules  highlights  the  temperature 
dependence  of  laser  performance.  The  Tq  parameter  empirically  describes  the  temperature 
sensitivity  through  kh  =  Ioexp(T/To).  For  InGaAsP  based  lasers,  Tq  of  60-80  K  near  room 
temperature  indicates  substantial  degradation  of  laser  performance  at  elevated  temperatures. 

Here  we  review  our  experimental  and  theoretical  results  for  1.3  pm  InGaAsP  based  lasers, 
both  bulk  active  and  MQW  devices  [1-6].  We  systematically  compare  the  models  with  the  data  in 
order  to  provide  an  assessment  of  conventional  gain  models  for  these  systems.  We  address  the 
temperature  sensitivity  of  laser  performance  finding  that  the  temperature  dependence  of  material 
gain  is  important  in  determining  the  low  value  of  Tq. 

Devices  used  in  tliis  study  consisted  of  MQW  and  bulk  active  1 .3pm  capped  mesa  buried 
heterostructure  Fabry -Perot  lasers  with  cavities  of  ~1  pm  width  and  -300  pm  length  surrounded 
by  conventional  InP  current  blocking  layers.  Lasers  exhibit  low  current  leakage  with  internal 
efficiency  remaining  high  (-80%)  over  the  measured  temperature  range  (25-85  C).  For  each 
device,  the  modal  gain  and  loss,  as  well  as  the  spontaneous  emission,  were  measured  as  a  function 
of  current  below  threshold.  A  direct  determination  of  the  transparency  energy  yields  the  average 
quasifermi  level  separation  in  the  active  region.  The  average  carrier  density  in  the  active  region 
was  determined  by  integrating  the  measured  differential  lifetime  over  current,  taking  account  of 
the  internal  efficiency  and  correcting  for  the  effect  of  the  finite  load  impedance. 


Energy  (eV)  Energy  (eV) 

Figure  1.  Families  of  measured  gain  spectra  as  a  function  of  photon  energy  for 
the  indicated  ranges  of  device  current  for  a  bulk  and  a  MQW  active  laser  at  25  C. 
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Figure  2.  Calculated  gain  spectra  for  bulk  active  and  MQW  (superlattice 
approximation)  active  layer  materials.  Carrier  densities:  n  =  p  =  1.2,  1.4,  1.6,  1.8 
and  2.0  x  10**  cm"*  for  the  bulk  case;  n  =  p  =  0.7,  0.8,  0.9,  1.0  and  1.1 
X  10**  cm"*  for  the  superlattice  case. 

The  electronic  states  for  each  constituent  material  are  represented  by  an  eight  band  k  p 
model.  The  needed  input  parameters  are:  (1)  the  Luttinger  parameters  which  describe  the  light 
and  heavy  hole  masses,  (2)  the  momentum  matrix  element  connecting  the  s-like  and  p-like  bulk 
states  at  the  zone  center,  (3)  the  conduction  band  effective  mass,  (4)  the  fundamental  band  gap, 
and  (5)  the  spin-orbit  splitting  of  the  zone  center  valence  band  states.  Incorporation  of  epitaxial 
strain  requires  knowledge  of  several  deformation  potentials.  The  electronic  states  for 
heterostructures  are  calculated  using  the  envelope  function  approximation.  This  Hamiltonian 
naturally  accounts  for  the  non-parabolicity  of  the  bands  and  the  light  hole  to  heavy  hole  mixing. 
The  widely  used  axial  approximation  has  been  tested  as  a  special  case  and  found  to  be  sufficiently 
accurate  in  the  present  context.  Self  consistent  calculations  have  been  done  for  MQW  structures 
to  account  for  spill-over  of  carriers  into  the  SCL  regions  of  the  active  layer.  The  quasifermi 
levels  are  determined  for  each  pumping  level  and  the  optical  absorption  and  spontaneous 
emission  are  then  computed  following  the  usual  density  matrix  formulation.  Broadening  is 
included  phenomenologically  with  a  constant  dephasing  time  of  0.1  ps,  incorporated  in  such  a 
way  as  to  preserve  the  transparency  energy.  The  many-body  contribution  to  the  quasifermi  level 
separation  is  included  as  an  overall  shift. 

Figure  1  summarizes  some  of  the  basic  experimental  gain  data.  Modal  gain,  including  mirror 
and  distributed  losses,  is  shown  as  a  function  of  photon  energy  for  a  set  of  subthreshold  currents. 
The  direct  measurement  of  the  transparency  energy  for  each  current  yields  the  diamonds.  At 
these  energies,  the  material  gain  is  zero,  so  the  modal  gain  corresponds  to  the  other  modal  losses. 
For  each  current,  the  peak  gain  achieved  by  pumping  the  active  material  is  obtained  as  the 
difference  between  the  peak  and  the  point  indicated  by  the  diamond. 

Bulk  active  lasers  are  modeled  by  quaternary  composition  (Ino.53Gao,47  As)o.6(IiiP)o.4-  The 
MQW  region  of  the  laser  diode  can  be  modeled  for  some  purposes  by  an  extended  superlattice. 
This  allows  analysis  of  many  of  the  features  in  the  electronic  structure.  However,  accurate 
treatment  of  these  laser  structures  must  self  consistently  include  the  SCL  regions.  Examples  of 
calculated  gain  spectra  are  shown  in  Fig.  2.  The  range  of  density  roughly  covers  the  region  from 
transparency  to  threshold.  Qualitatively,  the  results  agree  well  with  the  experimental  curves.  In 
particular,  the  MQW  gain  spectra  are  systematically  narrower.  However,  quantitative  comparison 
shows  that  the  calculated  spectra  are  too  narrow.  This  can  not  be  trivially  resolved  by  a  faster 
dephasing  time  (larger  Lorentzian  broadening)  because  the  low  energy  tail  has  the  wrong  shape. 

For  the  bulk  active  case,  the  measured  chemical  potential  (quasifermi  level  separation)  and  the 
peak  modal  gain  are  shown  as  a  function  of  density  in  Fig.  3.  The  calculated  results  are  shown 
for  comparison,  where  an  acceptor  band  has  been  included  in  the  determination  of  the  hole 
quasifermi  level  with  =  1x10**  cm"*  and  =  40  meV,  roughly  representative  of  Zn  in  the 
present  alloys.  The  calculated  quasifermi  level  separation,  including  a  many-body  correction. 
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Figure  3.  Comparison  of  the  model  (lines)  to  experiment  (solid  circles)  for  the 
chemical  potential  and  peak  modal  gain  as  a  function  of  density  for  the  bulk 
active  1.3  pm  device  at  room  temperature  and  85  C. 

agrees  well  with  the  measured  transparency  energy  as  a  function  of  density  and  temperature.  This 
suggests  that  the  calculated  density  of  states  is  accurate  for  the  bulk  material.  Similarly,  detailed 
comparisons  to  various  experiments  for  the  MQW  case  demonstrate  the  accuracy  of  the  calculated 
electronic  structure.  The  calculated  peak  modal  gain  at  room  temperature  yields  a  differential 
gain  which  is  larger  than  experiment.  Since  the  spontaneous  emission  spectra  are  well 
reproduced  overall,  this  is  largely  be  due  to  the  discrepancy  between  theory  and  experiment  for 
the  width  and  shape  of  the  gain  spectra.  The  measured  gain  as  a  function  of  density  at  85  C 
indicates  a  substantial  temperature  sensitivity  which  the  model  underestimates.  The  differential 
gain  is  measured  to  drop  noticeably  with  a  corresponding  increase  in  the  tlireshold  carrier  density. 
The  measurements  for  tlie  MQW  based  devices  show  similar  trends. 

The  key  open  physical  issue  in  the  model  is  the  broadening  of  the  gain.  A  theory  beyond  the 
simple  dephasing  time  approximation  is  clearly  required.  In  addition,  inhomogeneous  broadening 
may  be  important,  including  the  role  of  p-type  dopants  (Zn)  and  or  other  fluctuations  in  material 
composition.  The  observed  temperature  dependence  of  the  gain  is  a  key  contribution  to  the 
overall  low  value  of  Tq  for  these  lasers. 
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The  temperature  sensitivity  of  long  wavelength  (1.5|im)  semiconductor  lasers,  denoted  by  the 
characteristic  temperature,  T^,  has  remained  poor,  with  values  typically  ranging  from  40K 
up  to  a  maximum  of  order  lOOK.  There  still  remains  controversy  as  to  the  cause  of  this 
temperature  sensitivity.  Several  groups  have  suggested  that  the  problem  is  due  to  the 
differential  gain  decreasing  rapidly  with  increasing  temperature  [1-2],  or  is  due  to  the 
temperature  dependence  of  a  strong  stimulated  emission  component  below  threshold  [3]. 
However,  this  work  has  involved  lasers  with  low  T„  values,  of  order  40K,  and  so  it  has  not 
yet  been  convincingly  demonstrated  as  to  what  is  the  limiting  mechanism  for  lasers  with 
higher  T,,  values.  We  have  provided  direct  evidence  in  a  previous  paper  that  the  radiative 
component  of  the  threshold  current  is  perfectly  well  behaved  in  1.5pm  strained  and  unstrained 
quantum  well  lasers,  with  a  characteristic  temperature,  T^,  close  to  300K  at  room  temperature 

[4] .  The  high  values  and  strong  temperature  dependence  of  the  threshold  currents  must  then 
be  due  to  non-radiative  recombination  paths,  in  particular  Auger  recombination. 

We  use  two  different  methods  to  investigate  the  variation  of  gain  with  current  density  in  long 
wavelength  lasers,  investigating  separately  the  influence  of  strain  and  of  temperature.  In  each 
case,  we  find  that  the  gain  characteristics  are  perfectly  well  behaved,  and  consistent  with 
Auger  recombination  being  the  dominant  current  path.  Our  results  show  that  the  strain 
dependence  of  the  differential  gain  is  well  explained  by  conventional  theoretical  models  and 
that  there  is  no  evidence  in  the  devices  studied  for  a  rapid  decrease  in  differential  gain  with 
temperature;  rather,  the  differential  gain  is  inversely  proportional  to  temperature,  as  predicted 
by  simple  models. 

1  McDrov  Analysis  of  Strain  Dependence 

Because  the  threshold  gain  varies  with  cavity  length,  L,  measurement  of  threshold  current 
density  against  L  allows  the  determination  of  the  gain,  g,  as  a  function  of  current  density,  g(J) 

[5] .  It  has  been  shown  that  the  threshold  current  increases  much  more  rapidly  as  the  cavity 
length  decreases  in  InP-based  lasers  [6]  than  in  the  case  of  GaAs-based  devices  [5].  In 
practice  the  measured  variations  with  cavity  length  in  lattice-matched  and  compressively 
strained  layers  are  typically  a  factor  of  3-4  larger  than  those  observed  in  GaAs.  The  measured 
variations  in  tensile-strained  devices  emitting  about  1.5pm  are  much  improved,  being  about 
a  factor  of  two  better  than  in  the  lattice-matched  case  [7].  Using  a  modified  analysis  based 
on  the  work  of  Mcllroy  et  cd  [5],  we  present  calculations  which  show  that  the  observed 
differences  between  compressive  and  tensile  strain  are  well  explained  by  the  calculated 
variation  with  strain  of  the  optical  confinement  factor,  F,  and  the  differential  gain  at 
transparency,  dg/dn  (nj.  More  detailed  comaprisons  with  experiment  support  Auger 
recombination  as  the  dominant  contribution  to  the  threshold  current  density  in  these  1.5pm 
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devices.  We  extend  our  analysis  to  show  that  the  magnitude  of  the  Auger  coefficients  and 
their  variation  with  strain  are  comparable  to  those  obtained  using  other  techniques. 


2  Hakki-Paoii  Analysis  of  Temperature  Dependence 

Using  the  Hakki-Paoli  technique  [8],  we  have  measured  g(J)  as  a  function  of  temperature  for 
several  1.5pm  quantum  well  lasers.  Both  simple  theoretical  analysis  and  experiment  suggest 
a  logarithmic  relationship  between  gain,  g,  and  current  density,  J,  in  quantum  well  lasers 

g  =  goIn(J/J„)  (1) 

where  ^  is  the  transparency  current  density  and  g^  is  a  device  parameter  which,  in  an  ideal 
laser,  should  be  independent  of  temperature.  All  of  the  devices  studied  had  values  of  order 
65K.  The  coefficient  g^  was  in  all  cases  found  to  be  virtually  independent  of  temperature 
between  20  and  60®C,  confirming  that  the  differential  gain  did  not  have  an  anomalous 
temperature  dependenee.  By  contrast,  the  transparency  curent  density,  varied  strongly  with 
temperature,  with  the  measured  variation  being  entirely  consistent  with  that  predicted  from 
a  simple  model  which  assumes  phonon-assisted  Auger  recombination  to  be  the  dominant 
recombination  mechanism  [9]. 

Conclusion 


The  modal  gain  is  found  by  two  different  experimental  techniques  to  have  a  logarithmic 
dependence  on  drive  current  in  1.5pm  quantum  well  lasers.  The  experimentally  measured 
strain  dependence  of  the  differential  gain  with  respect  to  current  is  well  explained,  both 
qualitatively  and  quantitatively,  by  the  calculated  variation  with  strain  of  the  differential  gain 
with  respect  to  carrier  density.  More  detailed  comparison  with  experiment  supports  Auger 
recombination  as  the  dominant  contribution  to  the  threshold  current  density.  The  measured 
variation  of  gain  with  temperature  is  also  best  explained  for  devices  with  charaeteristic 
temperature  T^  of  order  60K  by  the  differential  gain  having  only  a  weak  temperature 
dependence,  with  Auger  recombination  dominant. 


Acknowledgements  -  This  work  was  supported  by  the  Engineering  and  Physical  Sciences 
Research  Council  (UK).  We  are  grateful  to  BNR  (Harlow)  and  NorTel  (Paignton)  for  CASE 
studentships  to  support  GJ  and  PT  respectively. 

REFERENCES 

[1]  Y.  Zou,  J.S.  Osinski,  P.  Godzinski,  P.D.  Dapkus,  W.  Rideout,  W.F.  Sharfin  and  F.D. 
Crawford,  Appl.  Phys.  Lett.  62,  175  (1993) 

[2]  D.A.  Ackerman,  G.E.  Shtengel,  M.S.  Hybertsen,  P.A.  Morton,  R.F.  Kazarinov,  T. 
Tanbun-Ek  and  R.A.  Logan,  IEEE  J.  Selected  Topics  in  Quantum  Electron.  1,  250 
(1995) 

[3]  J.  O'Gorman,  A.F.  Levi,  S.  Schmitt-Rink,  T.  Tanbun-Ek,  D.L.  Coblentz,  R.A.  Logan, 


lTuA2-3  /  245 


Appl.  Phys.  Lett.  60,  157  (1993) 

[4]  J.  Braithwaite,  M.  Silver,  V.A.  Wilkinson,  E.P.  O'Reilly  and  A.R.  Adams,  Appl.  Phys. 
Lett.  67,  December  1995 

[5]  P.W.A.  Mcllroy,  A.  Kurobe  and  Y.  Uematsu,  IEEE  J.  Quantum  Electronics  21,  1958 
(1985) 

[6]  A.T.R.  Briggs,  P.D.  Greene  and  J.M.  Jowett,  IEEE  Photon.  Tech.  Lett.  4,  423  (1993) 

[7]  A.D.  Smith,  A.T.R.  Briggs,  A.  Vranic  and  K.  Scarrott,  5th.  European  Workshop  on 
MOVPE,  Malmo,  June  1993 

[8]  B.W.  Hakki  and  T.L.  Paoli,  J.  Appl.  Phys.  46,  1299  (1975) 

[9]  E.P.  O'Reilly  and  M.  Silver,  Appl.  Phys.  Lett.  63,  3318  (1993) 


w-i-U  /  i  Ji  Urk^J-  I 


Bandstructure  and  Modal  Gain  of  Partially  InterdifFused 
InGaAs/GaAs/AlGaAs  SQW  Lasers 

Rafael  Gomez-Alcala  (Phone:  +34-86-812165,  FAX:  +34-86-812116) 

E.T.S.I.  Telecomunicacion. 

Campus  Universitario,  s/n 
E-36200  VIGO  (SPAIN) 

Francisco  Javier  Fraile-Pelaez  (Phone:  +34-86-812139,  FAX:  +34-86-812116) 
E.T.S.I.  Telecomunicacion. 

Campus  Universitario,  s/n 
E-36200  VIGO  (SPAIN) 

Ignacio  Esquivias-Moscardo  (Phone:  +34-1-3367339,  FAX:  +34-1-3367319) 
Departamento  de  Tecnologia  Fotonica,  Universidad  Politecnica  de  Madrid 
Ciudad  Universitaria,  s/n 
28040  MADRID  (SPAIN) 

Interdiffusion  is  a  fabrication  technicjue  which  is  gaining  interest  in  many  appli¬ 
cations  [4]  [5]  [7]  [3]  [6].  It  modifies  the  composition  of  the  quantum  well  yielding 
a  non  square  potential  profile  [9].  In  order  to  analyze  the  effect  of  interdiffusion 
on  quantum  well  properties  the  diffusion  length  (Ld)  is  used  as  a  parameter.  This 
is  the  product  of  the  annealing  time  and  the  diffusion  coefficient. 

In  this  work  we  calculate  the  bandstructure  of  a  Ino,2Gao,8As/GaAs  interdif- 
fused  quantum  well  for  different  diffusion  lengths,  and  a  well  width  of  10  nm,  with 
the  finite  element  method  [8].  The  conduction  subbands  are  supposed  parabolic, 
whereas  for  the  valence  band  we  include  band  mixing  in  our  calculations  [l].  The 
energy  levels  for  the  conduction  band  and  the  corresponding  for  the  valence  band 
(at  k  =  0)  are  plotted  as  a  function  of  the  diffusion  length  in  figure  1.  We  can  see 
a  maximum  in  the  value  of  the  energy  subbands  at  ni  2  nm  for  both  conduction 
and  valence  bands.  This  has  been  previously  noted  in  [10]  for  the  interdiffused 
GaAs/AlGaAs  quantum  wells.  The  valence  subbands  structure  is  shown  in  figure 
2  for  several  diffusion  lengths. 


Valence  band  energy  (eV) 
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Figure  1.  The  energy  levels  for  different  diffusion  lengths. 


Figure  2.  Valence  subbands  structure  for  diffusion  lengths  of  0,  2,  4  and  6  nm. 


In  order  to  calculate  the  modal  gain  we  suppose  a  SCH  SQW  structure  with  a 
cladding  of  Alo,2Gao.8As  and  a  core  width  of  0.8  [im  in  order  to  obtain  a  monomode 
solution  for  the  optical  field.  The  modal  gain  was  evaluated  using  the  model  of 
Aversa  and  lizuka  [2],  which  we  have  extended  to  account  for  valence  band  mixing. 
In  figure  3  is  plotted  the  TE  modal  gain  as  a  function  of  the  sheet  carrier  density. 
We  can  see  the  theoretical  improve  of  the  differential  modal  gain  as  we  increase 
the  diffusion  length  up  to  a  value  (for  —  5  nm)  where  the  slope  keeps  constant 
but  the  transparency  carrier  density  increases.  An  optimum  Ld  exists  which  give 
us  a  maximum  of  differential  gain. 

In  conclusion,  our  calculations  predict  an  improve  of  the  laser  performance  for 
partially  interdiffused  SQW  strained-layer  lasers. 


Figure  3.  The  modal  gain  as  a  function  of  the  sheet  carrier  density  for  several 

diffusion  lengths. 
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III-V  nitrides  such  as  GaN  or  InGaN  are  attractive  for  their  potential  optoelectronic 
device  applications  in  the  blue-green  or  near-ultraviolet  spectrum.  Because  of  its  very 
narrow  spin-orbit(SO)  split  off  energy  (10  meV),  the  coupling  effects  in  the  valence  band 
of  GaN  is  expected  to  be  quite  pronounced.  Recently,  the  Luttinger  valence-band 
parameters  Ti,  T2,  and  Y3  of  a  cubic  phase  of  GaN,  a  knowledge  of  which  is  necessary  for 
the  calculation  of  the  valence-band  structures,  are  calculated  from  a  semi-empirical  five 
level  k'p  approach  [1]. 

In  this  work,  the  effects  of  a  very  strong  spin-orbit  (SO)  split-off  band  coupling  on 
the  valence-band  structure  and  the  optical  gain  of  a  100 A  cubic  GaN  quantum-well  are 
studied  theoretically  within  the  6x6  Luttinger- Kohn  model  [2].  Firstly,  the  valence  band 
structure  of  a  cubic  GaN  quantum  well  is  calculated  using  the  recently  developed  6x6 
Luttinger-Kohn  model  [2]  which  takes  into  account  the  spin-orbit  (SO)split-off  coupling. 
Secondly,  the  optical  gain  of  a  GaN  quantum  well  is  calculated  from  the  complex  optical 
susceptibility  obtained  by  the  density  matrix  fonrialism  [3]. 

The  results  of  our  valence-subband  calculation  for  a  100  A  cubic  GaN  quantum 
well  surrounded  by  lattice-matched  GaAlN  barriers  versus  in-plane  wave  vector  (in  unit  of 
2%/Oq)  are  shown  in  Fig.  1.  Here  Qq  is  the  lattice  constant  of  the  active  layer.  We 
consider  a  quantum  well  of  width  L^  grown  along  the  [001]  direction  and  valence  band  is 
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assumed  to  be  isotropic  in  the  in-plane  wave  vector.  It  has  been  customary  to  label  the 

subbands  according  to  their  character  at  the  zone  center.  It  is  also  well  known  that  the  SO 
band  is  coupled  to  the  light  hole  band  and  is  decoupled  from  the  heavy  hole  band  at  Ijj  = 

0.  We  have  found  that  it  is  not  entirely  correct  to  label  the  subbands  as  "light  hole"  or 
"spin-orbit"  especially  for  GaN  for  which  the  spin-orbit  split  off  energy  is  very  small  (10 
meV)  and  as  a  result  there  is  no  pure  "light  hole"  or  "spin-orbit"  bands  even  at  the  zone 
center  when  the  coupling  effects  are  considered.  In  this  letter,  we  propose  to  denote  the 
subbands  which  are  the  coupled  states  of  "light  hole"  and  "spin-orbit"  bands  as  "LS"  and 
"SL".  Here  "LS"  or  "SL"  is  the  acronym  for  "light-hole-spin-orbit"  and  the  first  letter 
denotes  the  dominant  component  of  the  wave  function. 

In  Fig.  2,  the  calculated  peak  optical  gains  are  shown  for  unstrained  GaN  and  ZnSe 
quantum  wells  and  strained  GaN  quantum  well  for  comparison.  The  widths  of  both 
quantum  wells  are  assumed  to  be  100  A.  In  this  figure,  we  note  that  the  transparent  level 
ntr,  the  carrier  density  required  to  reach  zero  gain  in  the  material,  of  an  unstrained  GaN 
quantum  well  (8.37  x  10^8  cm'3)  is  much  higher  than  that  (5.54  x  lO^^  cm‘3)  of  an 
unstrained  ZnSe  quantum  well. 

There  seem  to  be  two  factors  which  cause  the  inferior  gain  of  a  GaN  quantum  well 
as  compared  with  that  of  a  ZnSe  quantum  well:  (1)  the  conduction-band  electron  mass  (0.2 
m)  of  a  GaN  quantum  well  is  heavier  than  that  (0.14  m)  of  a  ZnSe  quantum  well  and  (2) 
because  of  the  very  narrow  separation  (10  meV)  between  the  SO  band  and  the  heavy  -  and 
light-  hole  bands  of  GaN,  the  injected  holes  into  the  valence  band  will  easily  occupy  the 
SO  band  which  may  not  contribute  to  the  lasing  mode  of  a  GaN  quantum  well  laser. 

In  order  to  improve  the  optical  gain  of  a  GaN  quantum- well  laser,  we  propose  a 
combination  of  strain  and  the  use  of  alloy  to  reduce  the  electron  and  hole  mass  and  to 
increase  the  SO  band  separation:  (1)  use  of  compressive  strained  quantum  well  to  reduce 
the  heavy  hole  effective  mass,  (2)  employ  alloy  to  increase  the  SO  band  separation  and  (3) 
reduce  the  conduction-band  effective  mass.  Alloys  such  as  GaNAs  or  GaNP  may  be 


considered  as  a  candidate. 
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With  the  compressive  strain  potential  of  -30  meV,  the  transparent  level  ntr  is 
expected  to  be  reduced  to  6.81  x  10^^  crn'^  from  the  unstrained  level  of  8.54  x  10^^ 
cm  ‘3.  The  compressive  strain  potential  of  -30  meV  corresponds  to  the  lattice  mismatch 
of  around  -1  %  and  would  be  obtainable  employing  InGaN  alloy. 

Fig.  3  shows  the  peak  linear  gains  for  the  TE  modes  as  functions  of  the  injected 
carrier  density  for  the  SO  band  separation  of  (i)  0.01  eV  (dashed  line),  (ii)  0.1  eV  (dotted 
line),  and  (iii)  0.2  (eV)  (solid  line)  for  a  hypothetical  100  A  quantum  well  employing  GaN 
based  alloys.  When  the  SO  band  separation  is  increased  to  0.1  eV  from  0.01  eV  ,  the 
transparent  level  ntr  is  expected  to  be  reduced  to  7.05  x  lO^^  cm'3  .  One  can  further 
reduce  np-  to  6.73x  10^^  cm‘3  with  the  SO  separation  of  0.2  eV. 

It  seems  that  preventing  the  valence-band  leakage  of  the  injected  holes  to  the  SO 
band  could  be  as  effective  as  the  use  of  strained-layer  in  reducing  the  lasing  threshold  of 
GaN  quantum-well  lasers.  It  should  be  so  because  the  reduction  of  the  hole  (or  electron) 
mass  or  the  prevention  of  the  SO  band  from  filling  increases  the  separation  of  quasi-Fermi 
levels  Fc  -  Fy  such  that  Bernard-Duraffourg  condition  for  the  lasing  is  satisfied  at  lower 
injected  carrier  density. 
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In-Plane  Wave  Vector 

Fig.  1  The  valence-band  structure  of  a  lOOA  cubic 
GaN  Quantum  well 


Fig. 2  Peak  gain  profiles  of  unstrained  GaN, 

compressive  strained  GaN,  and  unstrained  ZnSe 
quantum  wells 


-1 

cm 


Fig.  3  Peak  gain  for  a  hypothetical  GaN 

quantum  well  with  various  SO  separation 
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It  was  pointed  out  by  Yamanishi  and  Lee  [1]  that  the  optical  gain  spectra 
calculated  with  the  Lorentzian  line  shape  function  deviate  from  the  experimental  results. 
Especially,  an  anomalous  absorption  region  appears  at  photon  energies  below  the  band-gap 
in  the  gain  spectra  as  long  as  the  Lorentzian  line  shape  is  used.  Moreover,  the  detailed 
balance  between  absorption  and  emission  of  photons  requires  that  the  transparency  point  in 
the  gain  spectra  coincide  with  the  Fermi  (or  quasi  Fermi)  -level  energy  [2^3].  In  general, 
the  gain  spectra  with  the  Lorentzian  do  not  satisfy  the  detailed  balance  condition,  either. 

In  this  work,  we  present  a  model  for  the  optical  gain  of  a  quantum-well  laser  taking 
into  account  the  non-Markovian  relaxation,  many-body  effects,  and  the  valence-band 
mixing  employing  the  6x6  Luttinger-Kohn  Hamiltonian.  The  optical  gain  and  the  line 
shape  function  of  the  quantum  well  under  an  external  optical  field  are  derived  from  recently 
developed  time-convolutionless  quantum-kinetic  equations  [4]  for  electron-hole  pairs  near 
the  band  edge.  Many-body  effects  such  as  band-gap  renormalization  and  excitonic 
enhancement  are  included  by  taking  into  account  the  Coulomb  interaction  in  the  Hartree- 
Fock  approximation.  In  this  work,  the  plasma  screening  of  the  Coulomb  interaction  is  not 
considered  and  this  makes  the  calculation  of  the  many-body  effects  to  be  overestimated. 
Unnormalized  single-particle  energies  are  obtained  using  the  multiband  effective 
approximation,  i.e.,  a  parabolic  band  structure  for  electrons  and  a  6x6  Luttinger-Kohn 
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model  for  holes  [5].  The  latter  includes  the  spin-orbit  (SO)  split-off  band  coupling  effects 

on  the  valence-band  structure.  Conventionally,  the  optical  gain  of  a  quantum-well 

laser  is  calculated  using  the  density  matrix  formalism.  The  linear  gain  is  the  result  of  lj|  - 

space  integration  of  the  product  of  the  absolute  square  of  the  dipole  matrix  element,  the 
Fermi  function  difference  between  electrons  and  hole  ,  and  the  Lorentzian  line  shape 
function. 

Recently,  the  optical  gain  and  the  line  shape  function  of  a  driven  semiconductor 
were  derived  from  the  time-convolutionless  (TCL)  quantum-kinetic  equations  for  the 
interband  polarization  taking  into  account  the  many-body  effects  [4].  We  integrate  the 
equation  of  motion  for  the  interband  pair  amplitude  directly  to  obtain  the  optical  gain 
assuming  the  quasi-equilibrium  or  adiabatic  approximation  and  discuss  the  interference 
effects  on  the  line  shape  between  the  external  driving  field  and  the  stochastic  reservoir  of 
the  system. 

The  optical  gain  g(CL))  is  obtained  after  some  lengthy  mathematical 

manipulations  and  is  given  by  [4] 

COLIC  '2  Re  Cl  (0,Ai,)  o  o 

g(to)  =  ^  ^  lq(k)|2[l-LRe^(-,4)][n^l,-n^k]  (1) 

"r  k  l-Reqik(O) 

with  Re  (0)  =  I  V^Ck-k^Re  S  (0,40[nck’ '  ^vk’]  (2) 

k 

where  |i  is  the  permeability,  nj-  is  the  refractive  index,  c  is  the  speed  of  light  in  free  space, 
V  is  the  volume,  and  Eq  is  the  permittivity  of  free  space.  In  equation  (1),  Re  S  (0,/^)  is 

the  line  shape  function  that  describes  the  spectral  shape  of  the  optical  gain  in  a  driven 
semiconductor  and  ^  =  ]^(k)  -  (k)  -  co.  The  denominator  [  1-  Re  q^^,  (0)  ] 

describes  the  gain  enhancement  due  to  the  excitonic  effects  caused  by  the  attractive 
Coulomb  interaction  and  the  factor  (  1  -i-  Re  g2('«,Aj^)  )  describes  the  gain  (or  line 

shape)  enhancement  due  to  the  interaction  between  the  optical  field  and  the  stochastic 
reservoir  of  the  system. 
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It  was  shown  [4]  that  the  line  shape  of  the  gain  spectra  is  Gaussian  for  the 
simplest  non-Markovian  quantum  kinetics: 


Re  S  (O4)  = 


/  ^c^ 

.  a2  A 
^c^k 

/  exp 

1  2)^v(k) 

(3) 


where  is  the  correlation  time  for  the  intraband  relaxation 


and 


Yvc^^^ 


1  { 


Xv(k)  x^(k) 


As  a  numerical  example,  we  have  calculated  the  band-structure,  the  band-gap 
renormalization  (BGR),  and  the  optical  gain  spectra  of  a  lattice-matched  60  A 
Ino.ssGaq  47AS  quantum  well  surrounded  by  InP  outer  barriers. 


In  Fig.  1,  we  plot  the  calculated  optical  gain  spectra  for  the  three  cases  of:  (i) 

Markovian  model  with  Lorentzian  line  shape  function  (dashed  line),  (ii)  non-Markovian 

model  (dotted  line),  and  (iii)  non-Markovian  model  with  excitonic  enhancement  (solid  line) 
for  the  correlation  time  =  20  fs.  The  intraband  relaxation  time  of  0.1  ps  and  the  carrier 

density  of  3  x  10  cm'3  are  assumed  throughout  the  calculation  and  the  renormalization 
of  the  band-gap  energy  is  taken  care  of  in  all  three  cases.  The  correlation  time  is  inversely 
proportional  to  the  energy  transfer  in  the  intraband  frequency  fluctuations.  Since  the  typical 
energy  transfer  for  the  intraband  process  is  on  the  order  of  kBT,  we  get  the  correlation  time 
of  approximately  20  fs  from  the  uncertainty  relation.  We  do  not  specify  the  explicit  form 
of  the  intraband  relaxation  in  this  paper  and  the  recent  calculations  of  the  intraband 
relaxation  can  be  used. 

In  the  absence  of  spectral  broadening  the  optical  gain  spectra  are  related  to  the 
spontaneous  emission  spectra  from  the  detailed  balance  between  absorption  and  emission 
of  photons  [3].  One  of  the  remarkable  feature  of  this  relation  is  that  there  is  a  transparency 
point  in  the  gain  spectra  which  coincide  with  the  Fermi  (or  quasi-Fenni)  -  level  separation 
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that  suggests  the  carriers  and  the  photons  are  in  thermal  (or  quasi)  equilibrium  [2,3].  For 
the  carrier  density  of  3  x  10  cm'^  the  Fermi-level  separation  is  0.8752  eV  for  the 
quantum-well  structure.  Then  the  optical  gain  spectra  calculated  with  the  Lorentzian  line 
shape  function  have  two  anomalies:  unnatural  absorption  region  below  the  band-gap  energy 
and  mismatch  of  the  transparency  point  of  the  gain  with  the  Fermi-level  separation,  the 
latter  suggests  that  the  carriers  and  the  photons  are  not  in  thermal  (or  quasi)  equilibrium. 

It  is  seen  that  the  two  anomalies  associated  with  the  Lorentzian  line  shape  are  removed  in 
the  non-Markovian  model  with  many-body  effects. 
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Energy  (renormalized) 


Fig.2  We  plot  the  calculated  optical  gain  spectra  for  the  three  cases  of:  (i)  Markovian 

model  with  Lorentzian  line  shape  function  (dashed  line),  (ii)  non-Markovian  model 
(dotted  line),  and  (iii)  non-Markovian  model  with  excitonic  enhancement  (solid  line) 
for  the  correlation  time  =  20  fs. 
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The  near  infra-red  wavelengths  of 
800  to  850nm  are  important  because  of  the 
diversity  of  compatible  modulators  and 
detectors  which  can  be  produced  in  both  Si 
and  GaAs  based  materials  and  the  ease  of 
integration  with  driving  and  amplification 
circuitry.  GaAs  and  Si  based  circuits  can 
allow  very  high  speed  operation  and  low 
noise  figures  of  complex  circuitry.  Thus 
850nm  laser  sources  are  important  for 
developing  highly  parallel  interconnections 
over  short  distances  (several  cms  to  several 
tens  of  metres). 

In  this  paper  we  consider  the 
optimum  quantum  well  composition  for 
operation  in  this  band.  Because  of  the 
interest  in  high  density  interconnections  we 
consider  mainly  the  case  for  vertical  cavity 
surface  emitting  lasers  (VCSELs). 
VCSELs  are  readily  produced  in  high 
density  two  dimensional  arrays.  Their 
emission  can  efficiently  be  coupled  into 
optical-fibres  without  the  need  for  external 
optics.  In  contrast  with  conventional  edge 
emitting  lasers  (EELs),  VCSEL  modes 
cannot  efficiently  interact  with  TM  mode 
gain  (E-field  polarized  perpendicular  to 
quantum  well). 

We  consider  materials  available  in 
the  quitnernary  (Al;fGai.;,)^,In].^As-P].. 


system  (see  fig.  1)  which  covers  all  of  the 
conventional  semiconductor  compounds 
which  can  be  used  as  emitters  at  this 
wavelength.  We  examine  the  quantum  well 
designs  described  in  table  1 .  All  are  grown 
pseudomorphically  on  (100}  GaAs,  the 
only  suitable  common  substrate  material. 


Fig.  1.  Bandgap  lattice  constant  for 
common  lII-Vs. 


The  design  of  these  wells  is 
engineered  to  produce  an  transition  at 
850nm  (except  for  2  &  7).  The  ground 
states  in  each  of  the  wells  are  calculated  by 
solving  the  effective  mass  equation': 


r-i 

y  \  ly\  )_ 

ntb  V 

at  both  material  interfaces.  The  material 
parameters  are  a  3D  interpolation  of  the 
binary  parameters  listed  in  Landolt- 
Bbrnstein^,  using  ternary  and  quaternary 
bowing  parameters  where  known.  The  hole 
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Well  /  Barrier 

Well  (x,y,z) 

Barrier 

X  (nm) 

Width  (A) 

ID 

GaAs  /  AlGaAs 

(0,1,1) 

(0.3, 1,1) 

850 

100 

1 

InGaAs  /  AlGaAs 

(0,0.9, 1) 

(0.3, 1,1) 

850 

49 

2" 

InAlGaAs  /  AlGaAs 

(0.2,0.75,1) 

(0.3, 1,1) 

850 

85 

3^ 

InGaAsP/InGaP 

(0,0.47,0.41) 

(0,0.515,0) 

850 

85 

4^ 

GaAsP /InGaP 

(0,1,0.85) 

(0,0.515,0) 

800 

85 

GaAs  /  InGaP 

(0,1,1) 

(0,0.515,0) 

850 

100 

6 

InGaAs  /  GaAs 

(0,0.75,1) 

(0,1,1) 

1026 

85 

7^ 

Table!.  Quantum  well  designs  used  in  calculations.  Compressive  (e=I.7%^  & 
e=0.6%*)  and  tensile  ("£=  -0.64%^)  strained  (ACGa,JyIn  i.yAs,P  wells  are  indicated. 


masses  are  deduced  from  Luttinger 
parameters.  From  fig.  1  we  see  that  tensile 
material  with  the  same  bandgap  as  GaAs  is 
not  possible.  Thus  well  5  (GaAsP)  emits  at 
the  shorter  wavelength  of  800nm. 

The  valence  band  structure  is 
calculated  using  an  infinite  well 
approximation  which  effectively  decouples 
the  in-plane  and  out-of-plane  effects  and 
greatly  simplifies  the  solution^’*.  This 
method  can  be  used  to  accurately 
determine  the  dispersion  around  the  zone 
centre  where  this  mixing  is  smallest.  The 
approximation  is  poorer  for  high  values  of 
momentum  and  for  narrow  wells.  At  low 
carrier  densities,  where  carriers  largely  fill 
states  around  the  zone  centre,  the  effect  of 
this  error  is  small.  A  four  band  model  {hh\ 
hh^  hh-i  &  //?i)  is  used.  The  smallest  spin- 
orbit  splitting  is  ISOmeV  and  so  is  ignored. 

Gain  spectra  are  calculated  using 
the  density  of  sates  functions  deduced  from 
the  band  structure.  The  transition  matrix 
element  is  calculated  from  the  Kane  bulk 
value'’’^  with  due  consideration  taken  for 
the  polarization  effects  in  the  quantum 
well^.  Since  the  density  of  states  in  a  real 
quantum  well  is  not  constant  within  a  sub¬ 


band,  the  maximum  gain  g„ax  does  not 
necessarily  correspond  to  zero  momentum. 

Results  and  discussion 


Carrier  Concentration  (xlO^^cm"^) 

Fig.  2.  TE  Gain  of  unstrained  and 
compressively  strained  QWs. 

In  fig.  2.  we  show  g^av  values 
calculated  for  the  1.7%  compressive  and 
unstrained  well  designs.  As  expected,  the 
two  GaAs  based  quantum  wells  have 
almost  identical  gain.  In  practice,  the 
higher  bandgap  cladding  of  well  6  will 
result  in  lower  carrier  losses.  By  adding 
indium  to  the  well  the  compressive  strain 
increases  the  Ih-hh  splitting  by  around 
lOOmeV.  This  effect  is  well  known’;  the 
parasitic  Hi  states  are  displaced  to  much 
higher  energy  and  the  reduced  Ih 
interaction  with  the  hh  result  in  a  lower 
density  of  hh  states.  Thus  in  well  7  we  see 
a  reduced  transparency  density  {nf}  and  an 
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increased  differential  gain  {g^).  To  maintain 
the  wavelength  at  850nm  AJ  is  added  to  the 
well  (in  well  3).  A  consequential  increase 
in  mass  parameters  means  that  some  of  the 
improvement  is  lost.  Well  ^  is  a  similar 
design  in  the  Al-free  InGaAsP  /  InP 
system.  A  further  increase  in  the  mass 
parameters  means  that  a  little  more 
performance  is  lost.  All  three  of  these  wells 
outperform  the  unstrained  wells  at  gains 
typical  for  those  in  a  VCSEL  or  EEL  (500 
to  lOOOcm'^)  in  terms  of  both  carrier 
density  and  differential  gain  (the  latter 
affects  the  dynamic  performance). 

Recently,  several  authors  have 
demonstrated  GalnAsP  QW  based  devices 
emitting  at  780  *  and  980nm  ^ .  The  major 
attraction  of  this  system  being  the  ability  to 
include  strain  in  the  active  layer  and  to 
remove  aluminium  from  the  structure.  Of 
particular  interest  to  VCSELs  is  the 
possibility  to  create  atomically  ordered 
phosphide  based  materials  by  a  suitable 
choice  of  growth  conditions,  this  provides 
a  strong  anisotropy  to  the  band  structure 
along  a  particular  axis  of  the  quantum 
well^^  and  enables  the  polarization  to  be 
fixed  reliably  over  a  large  array  of  devices. 
Gain  improvements  due  to  changes  in  the 
distribution  of  valence  states  are  also 
expected. 

Aluminium  containing  compounds 
are  typically  heavily  contaminated  with 
oxygen  or  carbon  impurities  which  limit 
their  ability  to  be  efficient  emitters**.  By 
use  of  high-purity  reagents  and  low 
temperature  MOCVD  growth,  high  quality 
AlGaAs  based  wells  may  be  grown  with 


more  than  30%  A1  in  the  well*^’*^.  The  high 
field  density  at  the  output  facet  of  an  EEL 
can  cause  rapid  degradation  of  aluminium 
compounds  resulting  in  poor  ageing 
characteristics.  Careful  passivation  of  the 
laser  facet  can  prevent  this  problem*'*.  In  a 
VCSEL  such  degradation  is  not  a  problem 
because  of  the  thick  DBR  stacks  and  the 
low  photon  density  at  the  emitting  surface. 

Lfnfortunately  for  the  AlGalnAs 
well,  an  In  precursor  of  suitable  purity  to 
avoid  oxygen  contamination  has  yet  to  be 
found*^  Thus  in  the  InGaAs  /  AlGaAs  well 
(number  2),  we  attempt  to  spatially 
separate  the  conflicting  A1  and  In  species. 
Even  so,  A1  and  In  growth  conditions  are 
only  compatible  when  low  oxygen  AJ 
reagents  are  available**^’ ^*’'^.  Careful 
switching  of  the  gas  flows  is  necessary  to 
prevent  mixing  of  these  two  group  III 
precursors.  Thin  interfacial  GaAs  layers 
may  be  required  to  achieve  high  quality 
wells.  Since  a  large  quantum  confinement 
is  required  achieve  850nm  emission,  the 
carrier  wave  functions  will  penetrate 
deeply  into  the  A1  containing  barriers.  This 
type  of  well  will  be  highly  susceptible  to 
broadening  effects  due  to  monolayer 
fluctuations  and  other  interface  defects 
which  will  reduce  the  available  gain.  Thus 
we  limit  the  minimum  well  width  to  around 
45A,  in  which  case  the  maximum  strain 
available  is  0.68%.  Wavelengths  shorter 
than  850nm  are  only  possible  with  very 
narrow  wells. 

In  fig.  3  we  show  the  results  for 
this  type  of  well  (number  2).  The  Ih  level  is 
electron  like  over  a  wide  momentum  range 
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producing  a  high  density  of  states  at  low 
energies  as  well  as  a  heavy  hh  band.  Hence 
rto  is  relatively  large,  but  the  large  gj  will 
allow  fast  switching.  The  gain  spectrum  of 
this  well  is  narrower  (more  triangular)  than 
that  of  the  other  wells;  broadening  effects 
due  to  lifetime  and  well  fluctuation  effects 
will  reduce  gd  more  severely. 


TM 


Carrier  Concentration  (xlO^^cm'^) 

Fig.  S.Gain  of  GaAsP  and InGaAs  QWs. 

Also  in  fig.  3  is  the  relation  for  the 
tensile  strained  well.  Because  of  the  low 
lying  Ih  states,  only  in  the  TM  mode  is 
there  significant  gain.  This  type  of  well  is 
only  of  use  in  edge-emitting  lasers. 
Compared  to  other  wells,  gd  is  improved 
by  a  factor  ~^/2  because  of  the  reduced 
degrees  of  freedom  for  the  Ih.  Because  of 
the  limited  degree  of  strain  the  Ih  &  hh 
ground  states  are  only  separated  by  7meV, 
thus  Ho  is  higher  than  for  an  unstrained 
well.  Only  by  operating  at  much  shorter 
wavelengths  can  the  full  advantages  of 
tensile  strain  be  realized. 

Conclusion 

For  operation  at  850nm  there  are  a 
number  of  options.  Compressively  strained 
wells  provide  the  best  solution,  but  current 
growth  technology  can  provide  higher 
quality  Al-free  materials  which. 


numerically,  provide  less  advantage  over 
unstrained  GaAs  wells.  Some  of  the 
growth  problems  involved  with  A1 
containing  wells  may  be  overcome  with 
narrow  InGaAs  wells  but  higher  thresholds 
may  be  expected.  Tensile  strained  wells  are 
only  useful  for  wavelengths  much  shorter 
than  800nm  and  only  in  EELs. 

At  this  meeting  we  will  present 
results  based  on  a  finite  well  bandstructure 
model  and  include  broadening  effects  on 
the  gain  of  the  narrow  wells.  We  will  also 
attempt  to  estimate  carrier  losses,  based  on 
parameters  typical  for  current  MBE  and 
MOCVD  grown  material. 
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An  overview  of  SiGe/Si  materials  research  and  photonic  device  opportunities  will  be 
presented,  highlighting  some  recent  successes  and  the  challenges  ahead.  Recent  progress  in 
Si-based  architectures  for  potential  optoelectronic  device  applications  will  be  reviewed. 

Novel  photonic  devices  will  be  discussed,  illustrating  the  potential  for  SiGe  integration  with 
mainstream  Si  integrated  circuits.  Epitaxy  at  low  temperatures  (less  than  600°C)  permits  the 
growth  of  highly  strained  Si(j_x)Ge(x)/Si  multilayers.  These  exhibit  unique  optical  and 
electrical  properties  characteristic  of  the  alloy  composition,  the  tetragonal  distortion  of  the 
crystal  lattice,  and  the  periodicity  in  the  growth  direction.  However,  the  built-in  strain  in 
SiGe/Si  is  both  a  blessing  and  a  curse:  band-structure  tailoring  is  available  but  the  penalties 
are  a  rigid  critical-strain  thickness  limit  and  a  modest  thermal  budget  for  processing. 

Bandgap  shifting  utilizing  local  ion  implantation  and  rapid  thermal  annealing  for  wavelength- 
selective  photodetectors  in  WDM  applications  and  rare-earth  doping  of  waveguides  for 
possible  on-chip  emitter/amplifier  applications  at  1.3  and  1.55  microns  will  be  presented. 
Photoluminescence  from  SiGe  quantum  wells  has  proved  to  be  invaluable  in  determination  of 
band  gaps,  band  offsets,  and  integrity  of  strained  SiGe/Si  heterostructures.  In  addition,  low- 
temperature  SiGe/Si  epitaxial  growth  by  traditional  molecular  beam  epitaxy  (MBE)  and  the 
now  commercially  available  UHV  chemical  vapor  deposition  (Leybold)  will  be  compared. 
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We  report  the  material  and  device  characterization  of  SiGe/Si  strained  layer  superlattice 
(SLS)  avalanche  photodiodes  (APDs).  The  active  absorption  and  multiplication  region  of  the 
device  consists  of  ten  periods  of  Sio.sGeo.s/Si  SLS.  The  device  exhibits  an  optical  response  at  1.3 
pm  and  has  a  cutoff  at  1.5  pm  at  normal  incidence.  The  device  shows  a  linear  photoresponse  as  a 
function  of  the  load  resistance  upto  0. 1  MQ.  Avalanche  breakdown  as  evidenced  by  the  positive 
temperature  dependence  of  the  breakdown  voltage  has  been  demonstrated.  The  temperature 
coefficient  of  the  breakdown  voltage  is  measured  to  be  0.01  V/K.  Multiplication  factors  in  excess 
of  50  have  been  obtained.  The  measured  excess  noise  factor  is  even  lower  than  that  of  Si,  due  to 
the  enhanced  ionization  ratio  in  this  SLS-APD  as  compared  to  that  in  bulk  Si. 

Because  of  the  high  gain  and  low  noise  features  provided  by  the  APDs  as  optical  receivers, 
APDs  based  on  Si,  GaAs,  and  InP  have  been  extensively  studied.  In  order  to  obtain  sufficient 
optical  absorption  for  applications  in  fiber  optical  communication  and  optical  interconnects, 
narrow  bandgap  materials  such  as  GeSi  and  InGaAs  have  been  widely  used  as  the  absorption 
region.  Besides  the  compatibility  of  the  SiGe  with  the  advanced  Si  based  IC  processing.  Si  APDs 
also  offer  additional  advantage  of  low  noise  factor  among  the  commonly  known  materials. 
However,  it  has  been  recognized  that  to  achieve  appreciable  optical  response  at  1.3  and  possibly 
1.55  urn  wavelengths,  SiGe/Si  strained  layer  superlattice  with  high  Ge  content  of  more  than  50% 
has  to  be  used  in  the  photodetectors  based  on  Si  substrate.  The  large  lattiee  mismatch  between 
the  Ge  and  Si  constitutes  a  major  obstacle  in  the  device  design  and  material  growth  for  detectors 
which  require  a  large  thickness  of  the  absorption  region.  Previous  work  has  been  focused  on  a 
waveguide  structure  wherein  the  light  is  incident  laterally  onto  the  device  to  increase  the 
absorption  length.  And  initial  results  have  been  reported  on  the  avalanche  multiplication  [1,2]. 
Here  we  will  demonstrate  the  feasibility  of  1.3  um  wavelength  detection  using  the  SiGe/Si  SLS 
at  a  normal  incidence.  Detailed  studies  of  avalanche  and  gain  properties,  such  as  the  temperature 
dependence  of  the  breakdown  voltage,  the  multiplication  factor,  and  also  the  noise  factor  of  the 
SLS  photodiode  will  be  reported. 
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The  device  structure  is  shown  schematically  in  Fig.  1.  The  epitaxial  layers  were  grown  by  a 
Perkin  Elmer  425B  molecular  beam  epitaxy  (MBE)  system.  Details  about  the  layer  structure  and 
materials  growth  were  reported  else  where  [3].  The  feature  important  to  our  SLS-APD  is  the  ten- 
period  GeSi/Si  SLS.  The  design  of  the  SLS,  which  consists  of  100-A  SiGe  with  50%  Ge 
sandwiched  between  400  A  Si,  is  to  achieve  a  large  optical  absorption  at  long  wavelengths 
(which  means  a  high  Ge  mole  fraction),  a  large  overall  absorption  thickness,  and  at  the  same 
time,  to  keep  the  layers  coherently  strained  without  the  generation  of  misfit  dislocations.  The 
quality  of  the  SLS  has  been  characterized  by  low-temperature  photoluminescence  (PL)  spectrum. 
The  PL  spectrum  reveals  no  dislocation  line  at  4.2  K. 


i  -  SIq  sGOo  s  i  -  Si 


Fig.  1  Schematic  .structure  of  the  strained  layer  superlattice  SiGe/Si  avalanche  photodiode 

Devices  were  fabricated  using  standard  photolithographic  techniques  and  plasma  dry 
etching.  Devices  with  Si02  for  surface  passivation  were  deposited  by  plasma  enhanced  chemical 
vapor  deposition  (PECVD).  Both  square  and  circular  mesas  with  different  mesa  sizes  were 
fabricated. 


The  photoresponse  spectrum  of  the 
device  is  shown  in  Fig.  2.  The  device 
shows  a  response  peak  at  about  0.8  um. 
Without  reverse  bias  the  response  at  1.3 
um  diminishes.  At  a  reverse  bias  of  5  V, 
the  response  extends  to  1.3  um  and  has  a 
cutoff  at  around  1.5  um.  The  bias 
induced  response  increase  at  a  small  bias 
is  due  to  the  carrier  trapping  of  holes  in 
the  valence  band. 


Wavelength  (jjm) 


Fig.  2  Photoresponse  of  the  device  at  0,  5,  and  8  V. 
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The  photoresponse  spectrum  of  the  device  is  measured  through  the  photovoltage  across  an 
external  load  resistor  by  a  lock-in  amplifier.  Becasue  of  the  finite  resistance,  especially  in  the 
case  of  a  large  leakage  current  in  the  SLS  photodetectors,  the  linear  response  region  of  the  load 
resistance  should  be  determined.  The  photovoltage  across  the  load  resistor  under  different 
resistances  are  shown  in  Fig.3.  It  can  be  seen  from  Fig.3(a)  that  under  a  low  load  resistance  the 
photocurrent  increases  as  the  applied  bias  increase.  As  the  load  resistance  increases  the 
photoresponse  increases  at  a  small  bias  and  becomes  saturated  at  a  certain  voltage.  As  the  bias 
further  increases,  the  photocurrent  decrease.  This  implies  that  the  load  resistance  is  no  longer 
substantially  larger  than  the  resistance  of  the  photodetector.  The  linear  regime  of  the  load 
resistance  upto  about  0. 1  is  shown  in  Fig.3(b). 


Bias  Voltage  (V)  Resistance  (kQ) 


Fig.  3  (a)  Photovoltage  across  a  load  resistor  as  a  function  of  the  external  bias  voltage. 

(b)  Photovoltage  as  a  function  of  the  load  resistance  under  different  bias.  The  photovoltage  is  a 
linear  function  of  the  resistance  upto  about  100  kQ. 

Electrical  properties  of  the  device  were  characterized  by  a  HP-4142.  The  I-V  curve  shows  a 
sharp  breakdown  at  about  21  V  at  295  K.  As  the  temperature  decreases  the  breakdown  voltage 
decreases,  which  is  the  signature  of  avalanche  breakdown  due  to  a  longer  mean  free  path  of 
carriers  at  lower  temperatures.  The  temperature  dependence  of  the  breakdown  voltage  is  shown 
in  Fig.  4.  The  breakdown  voltage  is  determined  at  that  point  where  the  current  has  over  an  order- 
of-magnitude  increase  and  is  limited  only  by  the  external  resistance.  The  temperature  coefficient 
of  the  breakdown  voltage  (AVb/AT)  is  0.01 1  V/K.  For  comparison,  the  corresponding  coefficient 
in  Si  is  0.024  -  0.03  V/K  [4], 

The  photocurrent  response  of  the  device  under  illumination  of  a  mode-locked  Ti-sapphire 
laser  at  0.8  |im  wavelength  is  shown  in  the  inset  of  Fig.  5  for  different  illumination  powers. 
Avalanche  gain  exceeding  50  was  obtained  before  the  onset  of  microplasmas.  Initial  result  on  the 
excess  noise  factors  of  the  SLS-APDs  was  obtained  by  a  HP  8592A  spectrum  analyzer  set  at  200 
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kHz  center  frequency  with  a  10  kHz  bandwidth.  Measurements  have  shown  that  at  a  gain  of  30 
the  excess  noise  factor  is  smaller  than  2.5,  which  is  even  lower  than  that  of  bulk  Si.  A  possible 
explanation  is  due  to  the  enhanced  hole  scattering  in  the  valence  band  due  to  the  heterobarriers. 


Fig.  4  Temperature  dependence  of  breakdown  voltage  for  the  SLS-APDs.  The  positive  temperature 
coefficient  indicates  the  avalanche  breakdown. 


Voltage  (V) 

Fig.  5  Avalanche  multipkication  factor  as  a  function  of  external  voltage. 

In  conclusion,  we  have  investigated  the  gain  properties  of  GeSi/Si  strain-layer  superlattice 
avalanche  photodiodes.  A  multiplication  factor  in  excess  of  50  has  been  demonstrated.  The 
device  also  exhibits  an  extremely  low  excess  noise  factor  due  to  the  structure-induced 
enhancement  of  the  electron-hole  ionization  ratio.  With  further  reduction  of  dark  current  the 
superior  features  of  low  noise  and  high  gain,  along  with  response  at  1.3  (im,  will  make  these 
devices  very  attractive  for  applications  as  optical  receivers  in  Si-based  optoelectronic  integrated 
circuits  (OEICs). 
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The  optoelectronic  properties  of  hydrogenated  amorphous  silicon  (a-Si;H)  has  been 
always  considered  almost  exclusively  for  the  fabrication  of  wide-area  low-cost  photovoltaic 
panels.  For  this  reason  the  optical  characteristics  of  this  material  has  been  extensively  studied 
mainly  in  the  wavelength  range  from  300  to  750  nm.  In  recent  times,  however,  interesting 
applications  have  been  proposed  in  the  optical  communication  area,  especially  for  photon 
detection  at  the  visible  wavelength  of  670  nm.  The  strong  absorption  coefficient  of  a-Si;H, 
close  to  10"^  cm’*  at  this  wavelength,  allows  in  fact  the  realization  of  thin  photodetectors,  then 
particularly  suitable  for  the  realization  of  on-chip  point-to-point  optical  interconnections  [1]. 

a-Si;H,  however,  shows  interesting  characteristics  which  make  it  attractive  for 
lightwave  communication  purposes  also  at  the  near  infrared  wavelengths  of  1.3  and  1.5  pm, 
i.e.  those  wavelengths  for  which  fiber  silica  presents  the  lowest  optical  absorption.  As  a  direct- 
gap  material,  for  instance,  a-Si;H,  whose  optical  bandgap  corresponds  to  A,=0.82  pm,  shows  a 
low  absorption  coefficient  at  those  wavelengths,  usually  lower  than  50  cm'*.  Moreover, 
advances  made  in  the  deposition  technology  by  low  temperature  Plasma  Enhanced  Chemical 
Vapor  Deposition  (PECVD)  allow  today  the  growth  of  undoped  layers  of  a-Si;H 
characterized  by  an  extremely  low  density  of  gap  states,  and  then  by  a  low  subband-gap  optical 
absorption.  The  result  is  that  thin  films  of  this  material  can  be  easily  grown  today  with  an 
absorption  coefficient  even  lower  than  0.5  cm’*  at  X=1.5  pm  [2], 

Another  interesting  point  to  consider  is  the  possibility,  offered  by  the  same  technology, 
of  realizing  heterostructures  in  conjunction  with  a-SiC;H  and  a-SiGe;H,  whose  bandgaps  can 
be  tailored  to  cover  the  entire  energy  spectrum  between  1.0  and  2.2  eV.  Thanks  to  the  low 
temperature  required  for  the  deposition  (often  below  200  °C),  stacks  of  these  materials  can  be 
virtually  deposited  on  any  substrate,  including  crystalline  silicon  (c-Si). 

Finally,  a-Si;H  possesses  a  very  high  thermo-optical  coefficient,  a  characteristic  which, 
as  will  be  shown  hereafter,  allows  the  realization  of  an  effective  amplitude  modulation  by 
means  of  an  interferencial  thermo-optical  modulator. 
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In  this  paper  we  present  an  a-Si:H/a-SiC:H  planar  waveguiding  structure,  deposited  on 
a  c-Si  substrate,  which  has  served  as  the  base  for  the  realization  of  a  waveguide  and  a  light 
intensity  modulator.  The  compatibility  of  such  devices  with  standard  microelectronic  IC’s  is 
made  possible  by  the  low  temperatures  required  for  the  deposition  of  the  stack,  paving  the  way 
to  the  integration  of  optics  and  electronics  on  the  same  silicon  chip,  a  challenge  that  needs  to 
be  won  to  allow  the  diffusion  at 


any  level  of  low-cost  optical 
interconnection  systems. 

A  cross  section  of  the 
realized  planar  waveguide  is 
shown  in  Fig.  1 .  It  consists  of  a  3 
pm  thick  undoped  a-Si:H  core 
layer,  between  two  undoped  a- 
SiC;H  cladding  layers.  The  low 
refractive  index  of  a-SiC  and  the 
good  quality  of  the  undoped  a- 
Si:H  confer  strong  confinement 
and  small  losses  to  the  waveguide 
at  X=1.5  pm..  We  demonstrate 
that  this  structure  can  constitute 


2  3  4 

index  of  refraction,  n 


Fig.  1  Cross  section  of  the  thin-film  structure  realized.  The 
profile  of  the  refractive  index  allows  a  strong  confinement  of 
the  radiation  propagation  into  this  waveguide. 


the  base  for  the  realization  of  new 


a-Si:H  based  active  guided-wave  components.  Preliminary  experimental  results  on  thermo- 
optical  induced  modulation  in  such  a  structure  are  shown.  3-D  thermal  simulations  are  reported 
which  indicate  that,  thanks  to  the  high  thermal  conductivity  of  silicon  and  silicon-carbon,  the 
maximum  switching  frequency  of  a  modulator  derived  from  this  waveguide  is  beyond  3  MHz. 
Finally,  a  measure  of  the  previously  unavailable  thermo-optic  coefficient  of  a-Si:H  at  this 
wavelength  is  given. 


For  the  deposition  of  the  stack  we  used  a  three-chambers  RF  (13.56  MHz)  PECVD 
reactor.  The  substrate  was  a  150-pm-thick  Sb-doped  c-Si  wafer  (p=0.025  Q-cm).  After 
loading,  the  300-nm-thick  intrinsic  a-SiC  was  deposited  in  a  70%  CH4  and  30%  SiHt 
atmosphere.  The  a-Si  layer  was  deposited  in  a  different  chamber.  Subsequently,  300  nm  of 
intrinsic  a-SiC  were  deposited  in  the  same  conditions  as  before.  Temperature  and  pressure 
were  180°C  and  700  mTorr  respectively  for  all  steps,  while  RF  power  ranged  from  2  to  4  W. 
The  deposition  time  was  5h  20min.  At  the  end  of  the  process  the  adhesion  of  the  thin 
amorphous  layer  to  the  crystalline  substrate  was  very  good. 

The  values  of  the  refractive  index  n,  measured  at  X=l.5  pm  on  separate  sample  films 
deposited  in  the  same  conditions,  were  3.4  for  undoped  a-Si  and  3.0  for  undoped  a-SiC. 

Waveguides  of  various  lengths  were  obtained  by  substrate  cleaving.  The  radiation  of  a 
1  mW,  ^=1.5  pm,  DFB  laser  diode,  pigtailed  to  a  5-pm-core  monomode  fiber,  was  butt- 
coupled  to  each  waveguide  for  testing.  The  transmitted  light  was  collected  at  the  output  by  a 
50-pm-core  multimode  fiber  and  detected  by  an  InGaAs  photodiode.  Preliminary 
measurements  done  on  these  samples  allowed  to  determine  that  the  propagation  losses  were  ~2 
dB/cm.  This  value  was  substantially  confirmed  by  an  estimate  of  the  losses  performed  by 
means  of  a  numerical  waveguide  design  software,  based  on  the  effective  index  method. 
Assuming  for  the  undoped  a-Si:H  an  absorption  coefficient  a«0.2  cm'*  at  X=1.5  pm,  found  for 
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Fig.  2  Relative  transmitted  light  intensity  vs.  device  temperature. 
The  wavelength  is  >,=1.5  pm  and  the  device  length  is  1700  pm. 


films  deposited  in  equivalent  conditions  [2],  these  simulations  allowed  to  predict  an  attenuation 
of  ~1  dB/cm  for  the  TEo  mode. 

Fabry-Perot-like  characteristics  were  observed  for  the  shortest  waveguides  (/  <  2  mm) 
when  they  were  heated  and  the  transmitted  intensity  vs.  temperature  was  plotted.  One  of  these 
plots  is  reported  in  Fig.  2  for  a 
1700-pm-long  waveguide.  It 
shows  a  periodic  amplitude 
modulation  of  the  transmitted 
light,  unambiguously  due  to  the 
thermo-optic  effect  in  a  Fabry- 
Perot  optical  cavity.  In  this  case 
the  modulation  depth  is  shown  to 
be  limited  to  less  than  9%. 

Though  modulation  depths  of  up 
to  15%  could  be  measured,  this 
value  seems  to  be  still  rather 
small.  We  believe  that  this  result 
is  to  be  attributed  to  the  low 
finesse  of  our  test  cavities,  whose 
mirrors  did  not  receive  any 
polishing  treatment. 

The  plot  in  Fig.  2  has 
allowed  the  determination  of  the 
thermo-optical  coefficient  {dnIdT) 

of  the  undoped  a-Si:H.  To  our  knowledge  experimental  data  at  the  infrared  communication 
wavelengths  are  not  available  to  date. 

The  technique  adopted  here  is  the  same  described  in  [3].  With  «=3.4,  and  a  thermal 
expansion  coefficient  (dlldT)ll  of 
2.610'*  K"',  we  could  determine 
dn/dT  «9-10-^  K-’  at  X=1.5.  It 
follows  that  a-Si  shows  a  weaker 
thermo-optic  effect  with  respect 
to  its  crystalline  counterpart 
(1.910"'  K'*)  [3].  Nevertheless, 
this  effect  is  stronger  than  in 
other  usual  thermo-optical 
materials,  like  LiNbOs  and  soda- 
lime-glasses. 

Light  intensity  modulation 
via  thermo-optic  effect  in  a 
Fabry-Perot  structure  has  been 
already  successfully  proposed  in 
crystalline  silicon  by  several 
researcher,  at  frequencies  up  to  few 
tens  of  kilohertz  [4],  [5].  However, 
this  group  recently  demonstrated, 
both  theoretically  and 

experimentally,  that  bandwidths  in 
excess  of  700  kHz  can  be  obtained  through  the  careful  design  of  the  device  [6],  thanks  to  the 


Fig.  3  Temperature  transient  inside  a  500  pm  long  cavity  subject 
to  15  ns  heat  pulse  with  an  energy  of  50  nJ.  For  >,=1.5pm,  a 
temperature  variation  AT=8°C  produces  a  complete  detuning 
inside  a  cavity  with  this  length. 
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high  thermal  conductivity  k  of  silicon  (A:s,=1.5  W/cm°C),  even  higher  than  that  of  many  metals, 
which  allows  to  maintain  very  low  time  constants  for  the  thermal  transients. 

Starting  from  these  considerations,  a  modulator  based  on  the  waveguiding  structure 
proposed  in  this  work  is  expected  to  allow  even  faster  operations,  thanks  to  the  higher  thermal 
conductivity  of  SiC  (itsic=5  W/cm°C).  In  order  to  examine  the  effect  of  the  thin  a-SiC  bottom 
layer  on  the  transient  thermal  behavior  of  the  stack,  grown  on  a  c-Si  substrate,  the  numerical 
thermal  analysis  of  a  modulator  obtainable  by  photolithographic  definition  out  of  the 
waveguide  proposed  here,  was  performed  by  means  of  the  3-D  heat  transfer  simulator  already 
tuned  and  tested  in  [7], 

In  Fig.  3  the  calculated  thermal  response  of  a  SOO-pm-long  device  is  shown.  In  this  simulation 
a  15  ns  current  pulse  is  applied  to  a  thin  resistive  film  at  the  top  of  the  waveguide.  The  film 
heating  by  Joule  effect  causes  a  temperature  variation  of  the  underlying  waveguide  core 
sufficient  to  produce  a  complete  detuning  of  the  500-|im-long  cavity.  It  is  seen  that  driving 
pulses  with  repetition  periods  of  ~300  ns  can  be  applied,  and  therefore  operation  rates  in 
excess  of  3  MHz  are  possible. 

In  conclusion,  PECVD  deposited  stacks  of  a-SiC:H/a-Si:H/a-SiC:H  thin  films  have 
been  demonstrated  to  posses  good  waveguiding  characteristics  and  low  attenuation  (~2 
dB/cm)  at  >,=1.5  pm,  when  they  are  optimized  for  low  gap  states  concentration.  Starting  from 
these  waveguides,  interferometric  thermo-optical  light  intensity  modulation  has  been  also 
achieved  through  Fabry-Perot  cavities  of  various  lengths.  Numerical  thermal  simulations  have 
allowed  to  determine  that  modulation  rates  in  excess  of  3  MHz  are  possible  in  these  devices, 
thanks  to  the  high  thermal  conductivity  of  both  silicon  and  silicon  carbide. 
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Silicon-on-insulator  (  SOI )  structures  offer  the  unique  ability  to  integrate  long  wavelength  photo¬ 
nic  devices  into  the  CMOS  integrated  circuit  (IC)  process.  The  large  index  step  between  Si02  and 
Si  ( An~2.0 )  permits  the  use  of  thin  layers  ( <  1 .0  pm  cladding  )  in  Si02/Si/Si02  waveguide  struc¬ 
tures,  making  them  compatible  with  VLSI  technology.  This  large  index  step  does  not  prevent  sin¬ 
gle-mode  wave  propagation  and  single  mode  waveguides  with  low  loss  have  been  demonstrated 
at  A,  =  1.55  pm  [1].  Further,  the  use  of  Si-Ge  heterostructures  permits  the  realisation  of  Si-based 
optoelectronic  detectors  in  the  1.2  to  1.6  pm  wavelength  range  [2].  Therefore,  development  of 
optical  and  optoelectronic  devices  in  SOI  offers  a  path  towards  low-cost,  monolithic  optoelec¬ 
tronic  circuits.  We  report  here  the  fabrication  of  a  number  of  guided  wave  optical  circuits  in  SOI 
technology  including  3  dB  directional  couplers  with  excess  insertion  loss  of  ~1.9dB  at  A  =  1.55 
pm,  an  asymmetric  Mach-Zehnder  wavelength  filter,  and  a  5  x  9  integrated  optical  star  coupler 
with  excess  insertion  loss  of  1 .3  dB  and  good  uniformity.  These  optical  circuits  are  used  in  cas¬ 
caded  Mach-  Zehnder  wavelength  filters  and  phased-array  waveguide  grating  filters  for  wave¬ 
length-division-multiplexed  (WDM)  networks  . 

The  starting  material  is  a  bond  and  etchback  silicon-on-insulator  (BESOI)  wafer  with  a  Si02 
thickness  of  1pm  and  a  Si  thickness  of  5pm.  The  rib  waveguides  were  formed  using  a  two  step 
Reactive  Ion  Etching  (RIE)  process  and  single-mode  behaviour  was  clearly  observed.  The  propa¬ 
gation  loss  through  straight  SOI  ribs  was  measured  using  the  conventional  cut-back  technique  and 
found  to  be  0.2  dB/cm  at  A=1 .3pm.  Directional  couplers  with  waveguide  separation  of  2.5  pm  and 
coupling  section  lengths  ranging  from  150  to  400  pm  were  fabricated.  Fig.l  shows  a  comparison 
between  experiment  and  BPM  simulation  of  the  power  transfer  efficiency  as  a  function  of  cou¬ 
pling  length  .  These  3  dB  couplers  may  be  used  as  building  blocks  for  asymmetric  arm 
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Mach-Zehnder  wavelength  filters.  A  preliminary  1 :2  wavelength  filter  at  A.  =  1 .55  pm  with  a 
channel  separation  of  4.0  nm  was  realised.  Fig.  2  shows  a  schematic  of  the  Mach-Zehnder  filter, 
in  the  inset,  and  the  filter  characteristics.  The  measured  crosstalk  is  18  dB.  With  improved  3dB 
couplers  the  crosstalk  performance  is  expected  to  be  enhanced.  A  5  x  9  star  coupler  was  also  fab¬ 
ricated.  The  coupler  consists  of  arrays  of  channel  waveguides  separated  by  a  radiative  slab  region 
[3].  This  geometry  permits  a  large  number  of  channels  in  a  compact  device.  The  5x9  star  coupler 
operates  at  A  =  1.55  pm  and  has  an  average  excess  insertion  loss  a  -1.3  dB  and  an  output  power 
variance  a  -1 .4  dB  ( The  insertion  loss  reported  here  does  not  include  the  inevitable  1 :9  power 
split  loss  of -9.5  dB ).  Fig.  3  shows  the  measured  near-field  image  (a)  and  line  scan  (b)  for  each  of 
the  9  output  waveguides  of  the  star  coupler  with  light  coupled  into  the  center  input  waveguide. 
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COUPLING  LENGTH  (|iin) 

Fig.  1  Power  split  ratio  versus  coupling  length  for  SOI 

directional  coupler.  Lines  show  results  of  BPM  simulations. 
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Fig.  2  (a)  Mach-Zehnder  1 :2  filter  (  A,=1.55  pm  )  with  channel  spacing  of  4  nm  (  FSR  -  8  nm  ). 
(b)  Schematic  of  asymmetric  arm  Mach-Zehnder  wavelength  filter. 
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Introduction 

A  fluorescent  dye  molecule  placed  within  lOOOA  of  a  metal  surface  is  highly  damped,  due 
to  the  efficient  energy  transfer  from  the  dye  to  the  surface  plasmon  (SP)  mode  of  the  metal.' 
This  process  is  a  non-radiative  coupling  of  the  SP  to  the  near-field  of  the  oscillating  dipole. 
Dipole-SP  coupling  has  also  been  observed  for  the  case  of  a  metal  island  film  adjacent  to  a 
metal  surface  (the  metal  particles  in  the  island  film  act  as  dipole  oscillators  when  excited  by 
light  )?■  The  notion  of  dipole-SP  coupling  can  be  extended  to  dipole-waveguide  coupling.  This 
coupling  is  familiar  to  microwave  antenna  designers:  when  an  antenna  is  mounted  on  a 
dielectric  substrate,  a  significant  portion  of  the  radiation  from  the  antenna  can  be  trapped  by  the 
guided  modes  of  the  substrate. 3  In  this  paper,  we  will  demonstrate  that  dipole-waveguide 
coupling  can  be  used  to  enhance  the  absorption  properties  of  silicon  waveguide  structures. 

The  proposed  idea  is  shown  in  Figure  1. 
A  metal  island  film  is  mounted  on  an 
absorbing  dielectric  waveguide,  with  an 
intermediate  spacer  layer.  Absorption  in  the 
waveguide  is  governed  by  the  absorption 
coefficient  of  the  material,  and  the  path  length 
of  the  incident  light.  In  the  absence  of  the 
island  film,  this  path  length  is  related  to  the 
thickness  of  the  waveguide.  The  metal  islands 
placed  adjacent  to  the  waveguide  can  act  like 
antennas,  collecting  the  incident  radiation  and 
then  transferring  the  energy  into  the 
waveguide  modes  of  the  structure.  Once  the 
light  is  coupled  into  the  waveguide  modes  it  is 
“trapped”,  and  this  trapping  can  lead  to  longer 
path  lengths  inside  the  material,  and  therefore, 
enhanced  absorption.  The  light-trapping 
abilities  of  this  structure  will  be  limited  by 
two  factors.  The  first  is  the  ability  of  the 
islands  to  effectively  transfer  their  energy  into  the  waveguide.  Dipole  coupling  into  an  all¬ 
dielectric  waveguide  structure  has  never  been  demonstrated  experimentally  in  the  optical 
regime.  However,  recent  calculations  have  shown  that  the  coupling  probabilities  can  be  as  high 
as  90%  for  certain  geometries  similar  to  that  in  Figure  1  The  second  factor  is  the  ability  of  the 
waveguide  to  absorb  the  light  before  it  is  coupled  back  out  of  the  structure  by  the  island  layer. 
The  islands,  which  couple  light  efficiently  into  the  structure,  will,  by  reciprocity,  also  couple  the 
waveguide  modes  out  into  radiated  light.  These  two  conflicting  demands  should  lead  to  the 
existence  of  an  optimal  spacer  thickness  for  maximizing  absorption  by  the  structure. 
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Figure  1.  Metal  island  “antennas”  can  help  to  couple 
incident  light  into  an  adjacent  waveguide  structure. 
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Figure  2.  SOI  solar  cell  design.  The  thin  silicon  layer  acts  as  a  waveguide,  supporting  3  TE  and  4  TM  modes  at  560  nm. 
Because  of  the  Si02  layer,  all  contacts  must  be  made  at  the  top  of  the  cell. 


Experimental  Results 

In  order  to  study  the  dipole-waveguide  coupling  process,  and  the  possibility  of  absorption 
enhancements,  a  solar  cell  was  fabricated  in  a  silicon  waveguide  structure  (Figure  2).  A  bonded 
silicon-on-insulator  (SOI)  wafer  was  used,  with  a  silicon  layer  thickness  of  160  nm.  Takato  et 
al.  have  reported  fabrication  of  a  solar  cell  on  a  3  pm  thick  SOI  wafer,  with  a  design  similar  to 
that  in  Figure  6,  using  thermal  diffusion. ^  For  our  cell,  ion  implantation  was  used  in  order  to 
achieve  an  extremely  shallow  junction.  An  initial  boron  implantation  (5x10^2  cm’^  at  25  keV) 
was  used  to  create  a  high  background  doping  within  the  entire  waveguide.  The  shallow  emitter 
was  formed  by  a  masked  arsenic  implantation  (1x10'^  cm'^  at  10  keV),  and  the  p-i-  contact 
regions  were  formed  by  a  masked  boron  implantation  (5x10*5  cjn-2  at  25  keV).  The  implanted 
sample  was  annealed  in  a  three  step  process  (550°C  for  60  minutes,  850°C  for  15  minutes, 
550°C  for  60  minutes). ^  The  electrodes  were  made  by  electron  beam  deposition  of  titanium 
(400A)  and  silver  (1  pm).’*'  The  cells  exhibit  high  open  circuit  voltages,  but  very  low  short 
circuit  currents;  this  behavior  is  expected  for  such  a  thin  cell.  The  cells  also  exhibit  extremely 
high  series  resistances,  due  to  the  lateral  design  of  the  junction  (made  necessary  by  the  SOI 
structure),  coupled  with  the  thinness  of  the  waveguide.  While  such  resistances  would  be 
unacceptable  in  a  commercial  cell,  they  did  not  interfere  with  the  goals  of  this  study. 

Vacuum  deposition  was  used  to  create  the  LiF  spacer  layer  as  well  as  the  metal  island  layer. 
The  metal  islands  were  created  by  evaporating  a  very  thin  coating  (30  -  125  A)  of  the  given 
metal  (either  gold  or  silver)  onto  a  portion  of  the  cell,  and  annealing  the  sample  under  flowing 
nitrogen  for  2  hours  at  300°C.  The  annealing  step  is  necessary  to  allow  the  thin  metal  layer  to 
coalesce  into  islands.  Transmission  spectra  of  two  typical  island  layers  are  shown  in  Figure  3 
for  reference.  A  tungsten-halogen  lamp,  put  through  a  monochromator  and  chopped,  was  used 
to  illuminate  a  small  (lx  1mm)  region  of  the  cell,  and  the  voltage  produced  by  the  cell  across  a 
50  ohm  load  was  measured  using  a  lock-in  amplifier.  The  spectral  response  of  the  cells  was 
measured  both  in  regions  with  the  island  coating  and  in  those  without  the  island  coating.  The 
addition  of  the  LiF  layer  alone  had  only  a  small  effect  on  the  cell  response.  The  measured 
photocurrent  for  the  two  cases  (with  islands  and  without  islands)  was  compared  and  used  to 
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derive  the  enhancement  factor.  The  results  obtained  for  the  enhancements  are  shown  in  Figure 
4.  The  two  curves  are  for  gold  (lOOA  island  layer)  and  silver  (125 A  island  layer),  each  with  a 
300A  LiF  spacer  layer.  Enhancements  as  high  as  a  factor  of  5  are  seen  in  the  near  infrared  with 
smaller  enhancements  in  the  visible.  Each  curve  has  a  cross-over  point  in  the  visible,  below 
which  the  photocurrent  is  reduced  by  the  presence  of  the  island  layer. 

Discussion 

The  areas  of  greatest  enhancement  in  Figure  4  do  not  correspond  directly  to  the  areas  of 
largest  absorption  in  the  metal  island  spectra  in  Figure  3.  There  are  a  number  of  possible 
explanations  for  this.  The  presence  of  the  silicon  layer  is  likely  perturbing  the  spectral  behavior 
of  the  islands.^  This  applies  especially  to  the  silver  island  curve,  which  shows  virtually  no 
absorption  at  800  nm  in  Figure  3,  but  a  large  enhancement  value  at  that  wavelength.  Visual 

examination  of  the  silver  island-coated 
solar  cells  offers  some  evidence  of  this 
phenomenon  (a  dramatic  difference  in 
color  is  seen  for  these  samples  as  compared 
to  the  islands  on  glass  slides).  The  silicon 
layer  also  absorbs  light  much  less 
efficiently  in  the  infrared,  so  that  the 
potential  for  enhancement  in  this  region  is 
much  greater  than  in  the  visible.  The 
modal  structure  of  the  SOI  material  is 
different  for  different  wavelengths,  and  this 
may  affect  the  efficiency  of  the  coupling 
process.  The  refractive  index  of  the  island 
layer  shifts  dramatically  as  one  moves  from 
above  to  below  the  resonance  point,  and 
this  may  relate  to  the  difference  in  behavior 
as  one  moves  to  shorter  wavelengths. 

The  key  question  raised  by  these  results 
is  whether  the  enhancements  that  we  see 
are  due  to  the  coupling  of  the  metal  islands 
to  the  waveguide  modes  of  the  structure. 
An  alternative  explanation  would  be  that 
the  enhancements  are  due  simply  to 
random  scattering  introduced  by  the 
presence  of  the  small  island  particles.  However,  this- conjecture  is  not  consistent  with  the  results 
seen  at  longer  wavelengths.  Above  900  nm,  the  enhancement  drops  off  sharply.  In  this  region, 
the  silicon  layer  is  a  very  poor  absorber,  and  could  be  well  served  by  scattering  enhancements. 
The  sharp  falloff  is  consistent  with  the  decrease  in  island  absorption  at  longer  wavelengths, 
which  supports  the  waveguide  coupling  hypothesis. 

Another  explanation  is  that  the  island  layer  is  acting  as  a  type  of  anti-reflection  (AR) 
coating.  A  comparison  with  the  normal  reflectance  spectrum  of  the  plain  SOI  sample  reveals 
that  some  of  the  peaks  and  dips  in  the  enhancement  curves  correspond  to  peaks  and  dips  in  the 
SOI  reflectance.  These  features  are  a  result  of  interference  in  the  multilayer  structure,  and  the 
presence  of  the  island  layer  will  tend  to  perturb  these  features,  reducing  the  reflectance  at  some 
points  and  increasing  it  at  others.  This  effect  can  be  measured,  by  taking  reflectance 
measurements  of  the  island-coated  cells.  Measurements  have  revealed  that  the  total 
enhancement  (shown  in  Figure  4)  exceeds  the  purely  AR  enhancement  at  all  wavelengths 
(supporting  the  waveguide  coupling  hypothesis).  Some  degree  of  the  measured  AR 
enhancement  may  also  be  due  to  coupling  effects.  Further  modeling  of  this  system  will  be 
necessary  to  unravel  these  effects. 


wavelength  (nm) 

Figure  3  Transmission  spectra  of  metal  island  films.  The 
substrate  in  each  case  is  a  glass  slide  with  a  300A  LiF  layer. 
The  transmission  of  a  bare  glass  slide  is  shown  for  reference. 
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Figure  4  Measured  enhancements  due  to  the  presence  of  the  metal  island  layer.  Enhancement  is  defined  as  the  ratio  of  the 
photocurrent  of  the  cell-LiF-island  structure  to  that  of  the  cell-LiF  structure.  The  LiF  thickness  is  300A  for  both  curves. 


Conclusions 

This  absorption  enhancement  mechanism  has  potential  applications  in  any  scheme  that 
requires  coupling  optical  energy  into  a  very  small  dielectric  region.  Thin  film  solar  cells  are 
only  one  example.  High  speed  photodetectors  require  very  small  device  dimensions  to  achieve 
their  fast  response.  The  trade-off  between  sensitivity  and  response  speed  could  be  circumvented 
by  using  island  coupling  to  enhance  absorption.  Another  idea  would  be  to  use  this  technique  in 
the  optical  pumping  of  waveguide  lasers.  The  island  layer  would  be  chosen  to  absorb  the  pump 
wavelength,  but  to  have  no  effect  at  the  lasing  wavelength.  Thus,  the  coupling  of  the  pump 
light  into  a  waveguide  structure  could  |ie  enhanced,  but  the  laser  light  would  not  be  affected. 
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Low-dimensional  semiconductor  quantum  nanostructures,  particularly  quantum  wires 
(QWRs)  and  quantum  dots  (QDs),  have  been  predicted  to  exhibit  many  properties  useful  for 
applications  in  novel  optoelectronic  devices  [1],  The  potential  advantage  of  these  structured 
materials  arises  from  the  extremely  small  volume  of  their  charge  carrier  confinement  regions  as 
well  as  the  modification  in  their  optical  absorption  and  emission  spectra  owing  to  the  multi¬ 
dimensional  quantum  confinement.  The  expected  narrowing  in  the  absorption  and  luminescence 
spectra,  the  increase  in  exciton  binding  energy,  new  possibilities  for  control  of  polarization 
anisotropy,  the  enhanced  peak  absorption  and  optical  gain,  and  the  reduced  transparency  current 
should  be  useful  for  improving  the  performance  and  reducing  the  power  consumption  of  optical 
modulators,  switches  and  lasers.  The  potential  for  power  consumption  reduction  is  especially 
attractive  for  the  realization  of  densely-packed  integrated  optoelectronic  circuits. 

The  main  difficulty  in  this  area,  however,  has  been  the  extremely  demanding  requirements 
set  on  the  dimensions  and  the  uniformity  of  such  low-dimensional  structures.  For  typical  III-V 
compound  QWRs  and  QDs,  achieving  subband  separations  of  at  least  several  kTroom-temperature 
and  maintaining  the  sharp  DOS  profile  requires  lateral  dimensions  smaller  than  about  20  nm  and 
size  variations  as  small  as  one  or  two  monatomic  layers.  This  talk  discusses  the  realization,  the 
optical  properties  and  the  optoelectronic  device  applications  of  such  GaAs/AlGaAs  and 
InGaAs/GaAs  QWR  structures  made  using  self-ordering  during  organometallic  chemical  vapor 
deposition  (OMCVD)  on  nonplanar  substrates. 

Our  fabrication  approach  is  based  on  the  in  situ  formation  of  lateral  potential  wells  due  to 
controlled  lateral  thickness  variations  of  quantum  wells  (QWs)  grown  on  nonplanar  substrates  [2]. 
The  resulting  lateral  variation  in  confinement  energy  serves  to  confine  both  electrons  and  holes  to 
the  thicker  parts  of  the  wells.  In  contrast  to  lithography-based  etching  and  regrowth  techniques, 
the  resulting  lateral  interfaces  are  defect-free  and  have  a  quality  comparable  to  those  of  conventional 
QWs.  To  achieve  the  extremely  narrow  channels  required  for  inducing  lateral  quantum 
confinement,  the  self-limiting  surface  profile  of  AlGaAs  layers  grown  by  OMCVD  in  [01 1]- 

oriented  grooves  etched  on  (lOO)-GaAs  substrates  is  utilized  [3].  The  radius  of  curvature  at  the 
bottom  of  the  groove  can  be  controlled  by  selecting  the  growth  conditions  and  the  Al  content,  with 
values  as  low  as  5  nm  and  uniformity  of  better  than  ±5%.  GaAs  QW  layers  grown  in  such  sharp 
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grooves  yield  a  crescent- shaped  QWRs  with  size  and  shape  determined  solely  by  the  growth 
conditions  and  independent  of  the  details  of  lithography  [4]  (see  Fig.  1).  Low-pressure  OMCVD 
is  particularly  effective  in  achieving  faceted  QWR  interfaces,  well  defined  within  one  to  two 
monolayers  [5]  (see  Fig.  2).  Closely  related  to  the  self-ordering  of  these  QWR  structures  is  the 
self-ordering  of  "vertical"  AlGaAs  QWs  (VQWs)  at  the  intersection  of  certain  crystal  facets,  due  to 
facet-induced  segregation  of  group  III  atoms.  Similarly,  strained-layer  QWRs  were  also  formed 
by  growth  of  InGaAs/AlGaAs  and  InGaAs/GaAs  heterostructures  on  nonplanar  GaAs  substrates. 
Cross-sectional  and  topographical  atomic  force  microscope  (AFM)  studies  of  these  structures  will 
be  presented. 

The  optical  luminescence  and  absorption  properties  of  these  self-ordered  QWs  and  QWRs 
were  investigated  using  low-temperature,  cw  and  time-resolved  photoluminescence  (PL),  PL 
excitation  (PLE)  and  cathodoluminescence  techniques.  Low-temperature  PL  linewidths  as  narrow 
as  6  meV,  comparable  to  those  of  QWs  of  similar  thickness  grown  side-by-side,  have  been 
measured.  The  PLE  spectra  exhibit  distinct  absorption  peaks  at  the  QWR  one-dimensional  (ID) 
subbands,  with  subband  separation  in  agreement  with  model  calculations  of  the  electron-heavy 
hole  transition  energies  in  these  stmctures  [6].  Clear  polarization  anisotropy  of  the  PLE  spectra, 
for  pump  beams  linearly  polarized  parallel  and  perpendicular  to  the  wire  axis,  is  a  further  evidence 
for  2D  confinement  in  these  wires.  This  anisotropy  arises  from  the  larger  matrix  element 
corresponding  to  electron-heavy  hole  transitions,  compared  to  that  for  electron-light  hole 
transitions,  for  light  polarized  along  the  wire  axis  (and  vice  versa  for  perpendicular  polarization). 
The  VQW  structures  also  exhibit  distinct  PL  lines  which  can  be  attributed  to  carrier  recombination 
in  their  Ga-rich  cores.  Observation  of  the  temperature  dependence  of  the  PL  intensity  as  well  as 
time-resolved  PL  spectra  of  these  structures  indicate  efficient  carrier  transfer  from  the  VQWs  to 
adjacent  QWRs,  suggesting  a  means  for  increasing  the  efficiency  of  QWR  carrier  capture  by  using 
2D  barrier  material  [7]. 

Three  types  of  device  applications  of  these  self-ordered  quantum  structures  will  be 
presented,  namely,  QWR  lasers  [8],  VQW  lasers  [9],  and  infrared  intersubband  transition  devices 
based  on  VQWs  [10]  and  QWRs  [11].  Prospects  for  extending  this  fabrication  approach  for 
achieving  QD  structures  of  controllable  size  and  positions  will  also  be  discussed. 
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Figure  1  (left).  Dark  field 
TEM  image  of  vertically- 
stacked  GaAs/Al^  42Gao  53  As 
QWRs  grown  at  20  mbar 
and  650°C.  The  hyperbolic 
fit  to  the  lower  interface  of 
the  QWR  is  also  shown. 


Figure  2  (below).  High 
resolution  TEM  image  of  a 
GaAs/  AIq  42^3^  53  As  Q  W  R 
as  well  as  the  side  QW  of  a 
structure  grown  at  20  mbar 
and  765°C.  The  crystal 
planes  of  the  facets  are 
indicated.  The  inset  shows  a 
high  magnification  view  of 
the  QWR-to-QW  necking. 
The  inset  also  demonstrates 
the  interface  quality. 
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1  Introduction 

VCSELs  have  shown  great  promise  as  opti¬ 
cal  sources  for  a  variety  of  important  opto¬ 
electronic  applications  and  therefore  con¬ 
tinue  to  be  under  continuous  development. 
There  is  also  very  considerable  scientific  in¬ 
terest  in  VCSELs  which  explains  the  con¬ 
tinuing  intensive  research  investigations. 
This  interest  is  motivated,  in  particular,  by 
the  intriguing  physics  associated  with  the 
significant  modification  of  emission  char¬ 
acteristics  that  can  be  achieved  with  3- 
dimensional  micro-cavity  structures.  How¬ 
ever,  for  a  variety  of  reasons  some  of  even 
the  recently  fabricated  VCSELs  tend  to 
have  large  diameters  (D  =  10— lOO/zm)  but 
which  are  still  very  short  along  the  longitu¬ 
dinal  direction  [1,  2].  Recent  experimental 
results  [3]  and  preliminary  theoretical  anal¬ 
ysis  [4]  suggest  that,  unlike  for  traditional, 
small  diameter  {D  <  10//m)  VCSELs,  the 
larger  diameter  devices  have  in-plane  prop¬ 
agation  of  emitted  light  which  may  signifi¬ 
cantly  affect  device  operational  charateris- 
tics. 

A  proper  understanding  of  the  phe¬ 
nomenon  requires  an  accurate  calculation 
of  the  enhancement  of  spontaneous  emis¬ 
sion  (SE)  in  large  diameter  VCSELs,  Be¬ 
cause  of  the  quite  complex  geometries  of 
cavities  of  the  actual,  fabricated  devices, 
different  researchers  have  applied  perti- 
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nently  different  approximations  for  calcu¬ 
lating  SE.  For  example,  a  model  that  is 
suitable  for  air-post  (index  guide)  VCSELs 
having  small  diameter  (D  <  lOgm)  is  pre¬ 
sented  in  references  [5,  6].  For  large  di¬ 
ameter  VCSELs  the  physical  radial  bound¬ 
ary  may,  in  the  present  context,  be  reason¬ 
ably  assumed  to  be  absent.  Hence  a  pla¬ 
nar  multi-layer  structure  (PMLS)  is  usu¬ 
ally  used  as  a  suitable  model  for  the  large 
diameter  VCSELs  [7]  -  [10].  However, 
there  appears  to  be  no  published  analysis 
which  takes  in  to  account  the  proper  mode 
spectrum  of  the  PMLS  that  includes  both 
discrete  and  the  continuum  modes  [11,  12] 
-  hence  an  accurate  estimate  of  the  in¬ 
plane  (IP)  and  in-face  (IF)  emission  is 
not  available.  Further,  various  researchers 
have  used  the  two-level  atom  dipole  mo¬ 
ment  for  SE  calculations  which  is  not  really 
suited  to  the  band-band  optical  transitions 
in  a  semiconductor  [13].  The  present  paper 
incorporates  both  the  transition  character¬ 
istics  for  the  QW  active  layer  and  the  ap¬ 
propriate  mode  spectrum.  Results  of  cal¬ 
culations  of  IP  and  IF  SE  for  both  A-  and 
A/2-cavities  are  presented. 

2  Theoretical  model 

The  most  consistent  consideration  of  SE 
can  be  provided  by  the  well  known  quan¬ 
tum  mechanics  approach  developed  (for  a 
two  level  atom  in  free  space)  in  [14]. 

In  accordance  with  quantum  mechanics 
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postulates  the  system  electron-hole  pair  - 
field  can  be  in  two  states: 

•  1^)  =  |0,V’c(p))  -  the  electron  is  in  the 
conduction  band  and  field  oscillators 
are  in  a  ground  state. 

•  (/I  =  {lk,V’t;(p)|  -  the  electron  is  in 
the  valence  band  and  a  photon  having 
a  wavevector  k  and  a  frequency  co  — 
c|k|  is  emitted, 

where  'tpc,v{p)  are  wavefunction  of  an  elec¬ 
tron  and  hole  respectively  and  p  is  the  mo¬ 
mentum  vector.  Transition  rate  between 
the  initial  10  and  final  (/|  states  is  given 
by  Fermi’s  Golden  Rule: 

l^k.p  =  ■^ll(/|K'nt|*)ll  (1) 

6  {Efip)  -  F^«(p)  -  huk) , 

where  6  is  the  Dirac  delta  function,  Ec{p) 
and  Ey(p)  are  the  energies  of  an  electron  in 
the  conduction  and  valence  bands  respec¬ 
tively,  V;„t  =  -^(Ak  •  P),  9  and  m  are 
the  electron  charge  and  mass,  respectively. 
Ak  is  the  vector  potential  and  P  is  the  mo¬ 
mentum  operator. 

The  refractive  index  profile  of  the  PMLS 
for  a  A/2-cavity  is  shown  in  Fig.l: 

N+1/2  pairs 
of  Ay4  layers 

X/2  spacer 

N-i-1/2  pairs 
of  A./4  layers 


;  n 
Fig.l 

Note  that  the  QW  (active  region)  is  po¬ 
sitioned  at  the  center  of  the  spacer  and 


this  is  the  configuration  that  is  used  for 
the  calculations.  In  the  case  of  a  A-cavity 
the  spacer  has  refractive  index  n2  and  the 
Bragg  reflectors  have  N  pairs  of  the  A/4- 
layers. 

The  vector  potential  Ak  for  the  optical 
(electromagnetic)  field  is  taken  to  corre¬ 
spond  to  {TE)^  polarisation  and  has  the 
form: 

Ak  =  e£;a|^AoPk(^)c*^  *  **  +  c.c.,  (2) 

where  Aq  is  the  normalisation  constant  and 
Be  is  a  unity  vector  in  the  plane  of  the  lay¬ 
ers.  The  usual  application  of  the  Lorentz 
gauge  establishes  that  the  electric  field  vec¬ 
tor  is  thus  also  along  the  direction  of  the 
vector  potential;  is  a  creation  operator 
for  the  optical  mode  k;  the  propapagation 
vector  is  /3  —  {0,ky,kz)]  r  =  (0,p,z)  and 
c.c.  implies  complex  conjugate.  Ek(x)  is  a 
solution  to  the  one  dimensional  wave  equa¬ 
tion  in  X  for  the  multi-layer  structure  if  a 
plane  wave-like  field  distribution  along  any 
one  chosen  linear  direction  in  the  y-z  plane 
is  used  in  eqn.  (2).  The  boundary  condi¬ 
tions  for  F\^{x)  are  that  |jP|  — »•  0  as  |a:|  — > 
oo  (for  discrete/bound  modes)  and  F  is  fi¬ 
nite  as  lx|  — >  oo  (for  continuum/radiation) 
modes  (and  correspondingly  for  the  field 
derivative). 

We  will  assume  that  electrons  and  holes 
in  the  QW  are  in  an  equilibrium  deter¬ 
mined  by  the  quasi-Fermi  levels  Efc  and 
Efy,  respectively.  Probability  of  SE  can 
be  found  as 

w  =  ,,, 

k,p  (o) 

=  Wo{t)w  +  Vt) 

where  N  is  the  concentration  of  the 

electron-hole  pairs,  /c,„  are  Fermi-Dirac  oc¬ 
cupation  probability  functions  for  conduc¬ 
tion  and  valence  bands.  Wo  is  the  proba¬ 
bility  of  the  SE  from  the  QW  in  an  infinite 
media,  and  pr  give  a  relative  part  of  the 

SE  into  the  bound  and  radiation  modes, 
respectively. 
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The  radiation  modes  form  a  continuum 
set  of  0  <  l3  <  riiko  and  the  summation 

in  equation  (3)  gives: 

OO  TT 

Tjr  =  j  J  smd  \ae{io)f  g{to)  dOdiJ,  (4) 
0  0 

where  |a(a;)|^  represents  the  enhancement 
in  the  SE  for  a  single  mode,  g{uj)  is  oscil¬ 
lator  strength  and  sin^  =  /3f{koni).  Fea¬ 
tures  of  the  SE  angular  distribution  for  a 
A/2-cavity  and  N  =  14  are  as  shown,  Fig. 2. 


0  0.1  0.2  0.3  0.4  0.5 


6  /  u 
Fig.2 

In  Fig.2  the  thin  line  represents  \ae{io)\^ 
versus  6  with  u;  ~  ^br]  ^^br  is  the 
Bragg  frequency  for  plane  waves  propagat¬ 
ing  purely  along  x  (i.e.,  /?  =  0).  Hence 
9  as  defined  above  may  be  viewed  as  a 
wave  propagating  in  the  region  |a:|  oc  at 
an  angle  6  with  respect  to  the  x-axis;  the 
dashed  line  represents  sin and 
the  thick  line  represents  the  integrand  in 
eqn,  (4)  integrated  over  all  a;  which  then 
gives  the  angular  distribution  for  the  total 
SE,  Note  that  the  case  represented  by  the 
thin  line  has  a  maximum  SE  enhancement 
at  5  =  0  while  the  maximum  for  the  dashed 
line  case  is  at  a  small  but  finite  value  of 
9.  However,  the  most  interesting  result  is 
presented  by  the  thick  line  in  Fig.2  which 
indicates  that  if  the  total  SE  is  considered 
then  the  angular  distribution  of  SE  is  ex¬ 
tremely  small  for  0  =  0  ,  in  spite  of  the 
fact  that  the  thin  line  shows  a  maximum 
at  ^  —  0. 

The  bound  mode  propagate  in  the  plane 
of  the  layers  {9  —  7r/2)  and  form  a  discrete 


set  of  Uiko  <  ^  7^2 ^0*  In  this  case  the 

equation  (3)  gives: 

OO 

I Y,  gi^j)  div,  (5) 

0  " 

where  n  is  a  (discrete)  mode  number. 

r]yj  and  rjr  as  a  function  of  the  number 
of  Bragg  reflector  pairs,  N,  for  A/2-  and  A- 
cavities  are  plotted  in  Fig-3: 


Fig. 3a  ^  X- cavity 
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N 

Fig.3b  ^  >72  -  cavity 

For  both  A/2-  and  A-  cavities  most  of  the 
bound  mode  solutions  have  Fk(x)  which 
have  the  predominant  peaks  outside  the 
spacer  region.  However,  interestingly,  only 
for  the  A-cavity  is  there  a  particular  bound 
mode  solution  which  has  a  single  peak  and 
this  is  in  the  spacer.  With  reference  to 
Fig. 3a,  the  above  explains  the  existence  of 
large  SE  in  to  this  bound  mode  in  par¬ 
ticular  (crosses)  and  hence  the  large  value 
of  SE  in  the  totality  of  bound  modes  for 
the  A-cavity  (solid  line).  The  broken  line 
gives  the  SE  in  to  the  radiation  modes. 
Note  from  Fig. 3b  that  even  for  the  the 
A/2-cavity^SE  in  to  the  radiation  modes 
(broken  line)  is  comparable  to  that  in  the 
bound  modes  (solid  line)  and  hence  cannot 
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be  neglected,  contrary  to  normal  assump¬ 
tion. 

3  Conclusion 

The  SE  in  a  PMLS,  as  a  model  of  the  large 
diameter  VCSELs,  has  been  analysed  for 
both  A/2-  and  A-cavities  taking  into  ac¬ 
count  proper  mode  spectrum  of  the  struc¬ 
ture  and  the  optical  spectrum  of  a  QW. 
The  SE  in  to  bound  modes  is  comparable 
with  the  SE  in  to  radiation  modes. 

Density  of  radiation  modes  (~  sin  9)  and 
the  relatively  broad  optical  spectrum  of  the 
Q  W  results  in  the  high  level  of  SE  in  the  ra¬ 
diation  modes  having  a  finite  propagation 
in  the  plane  of  the  layers.  Due  to  specif¬ 
ically  large  aspect  ratio  of  the  active  re¬ 
gion  of  the  large  diameter  VCSELs,  these 
radiation  and  bound  modes  can  have  an 
amplification  that  is  comparable  with  thatcf 
the  ”/?  =  0”  radiation  modes.  This  results 
in  additional  losses  of  the  pumped  energy, 
thus  increasing  threshold  current  and  de¬ 
creasing  device  efficiency. 
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1  -  Introduction 

Optical  microcavities  are  resonators  that  have  at  least  one  dimension  on  the  order  of  a  single 
optical  wavelength.  These  structures  enable  one  to  control  the  optical  emission  properties  of 
materials  placed  inside  them.  They  can  for  example,  mcxiify  the  spatial  distribution  of  radiation 
power,  change  the  spectral  width  of  the  emitted  light,  and  enhance  or  suppress  the 
spontaneous  emission  rate  [1].  In  addition  to  being  attractive  for  studying  the  fundamental 
physics  of  the  interaction  between  luminescent  atoms  and  vacuum  field,  optical  microcavities 
hold  technological  promise  for  constructing  novel  kinds  of  light  emitting  devices. 

This  paper  is  divided  into  two  parts.  In  part  2,  we  present  a  classical  description  of  the 
spontaneous  emission  of  luminescent  atoms  located  inside  a  planar  microcavity.  An  other 
electromagnetic  formulation  derived  from  scattering  theory  will  be  presented  at  the  conference 
and  can  be  found  elsewhere  [2]. 

In  part  3  we  give  some  radiation  patterns  of  rare  earth  atoms  (erbium)  implanted  in  a  multi¬ 
dielectric  micTocavity  [3],  and  we  investigate  the  power  emitted  into  the  guided  modes  of  the 
structure. 

2  -  Modal  analysis  of  spontaneous  emission  in  planar  multilayer  structures 

Consider  the  stack  of  dielectric  films  schematically  drawn  in  figure  1.  The  surrounding 
media  (air  and  substrate)  are  labeled  as  subscripts  a  and  s.  The  spontaneous  emission  process 
of  an  atom  located  inside  the  stack  will  result  in  a  field  which  can  be  expanded  on  a  conplete 
set  of  modal  fields  of  this  planar  stracture. 

The  complete  set  of  modal  fields  of  a  lossless  multilayer  dielectric  structure  includes  an  infinite 
number  of  radiation  modes  and  evanescent  modes,  as  well  as  a  finite  number  of  guided  modes 
[4].  The  evanescent  modes  are  neglected  in  this  analysis  since  they  do  not  carry  power  far 
away  from  the  guide. 

For  the  radiation  modes,  since  they  are  propagation  mcxial  fields,  the  fields  in  both  the  air  and 
the  substrate  must  be  standing  waves  in  the  direction  normal  to  the  layers.  In  this  case,  these 
fields  vary  only  by  a  phase  factor  when  they  propagate  along  the  x  direction.  These  fields  can 
be  described  by  a  superposition  of  two  plane  waves  which  have  the  same  cross  power  through 
the  yz  plane.  These  two  waves  are  incoming  towards  the  stack  respectively  from  the  air  and 
from  the  substrate.  Since  the  total  field  is  a  standing  wave  in  the  outer  medium,  the  power  in 
the  outgoing  waves  is  a  superposition  of  incoming  power  reflected  by  the  stack  plus  incoming 
power  transmitted  across  the  stack  from  the  opposite  side. 

The  radiation  modes  can  be  classified  into  modes  radiated  in  all  space,  namely  the  full  radiation 
modes  ES  (0<  P  and  into  modes  radiated  in  the  substrate,  namely  the  substrate 
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radiation  modes  ER  (27cnaAo<  P  <2jcnsA^,  where  p  is  the  propagation  constant  of  the 
considered  modal  field,  which  remains  constant  is  every  media.  Figures  1-a  and  1-b  show 
respectively  a  schematic  view  of  the  full  radiation  modes  and  of  the  substrate  radiation  modes. 
Figure  1-c  shows  a  guided  mode  EG  for  which  (2jtnsA.„<  P  where  n^^  is  the 

highest  refractive  index  of  the  stack. 


0  <  p  <  2Jtng/Xo  2jmgAo  <  P  <  2mj/Xo  <  p<  2imjj/Xfl 


Figure  1:  Schematic  view  of  the  full  radiation  modes  (a),  the  substrate  radiation  modes  (b)  and  the  guided 

modes  (c)  of  a  planar  dielectric  structure. 

As  previously  mentioned,  we  will  now  use  this  complete  set  to  expand  the  total  field  emitted 
by  the  atom,  which  will  be  considered  here  as  a  dipole.  This  will  allow  us  to  get  the  emitted 
power  into  each  modal  field.  By  integration  over  all  these  modal  fields,  we  will  be  able  to 
compute  the  total  emitted  power,  which  can  be  expressed  as: 

p=  5(cOo-®k)|e.EG(ro,kpfdkp  +  J  5(©o-Wk)|e.ES(ro,k,)|"dk,+ 

32k  EqU  (zq)  p  ^ 

£5(0)0 -(0,)le.ER(ro,k.fdkJ 

where  ©q  is  the  dipole  bare  frequency,  ao  is  the  dipole  amplitude,  q  is  the  electron  charge,  n(zo) 
is  the  refractive  index  where  the  dipole  is  located,  and  e  is  the  dipole  vector. 

2  -  Numerical  and  experimental  results 

The  sources  considered  here  are  rare  earth  atoms  (erbium)  located  into  resonant  dielectric 
structures  by  ion  implantation. 

Let  us  first  consider  a  luminescent  atom  (X,,  =  1.55|im)  located  in  free  space.  Because  there  is 
no  boundaries  confinement,  the  radiation  pattern  (in  a  plane  perpendicular  to  the  dipole  vector 
e)  is  isotropic  (see  figure  2  (a)  ).  Let  us  consider  now  the  same  atom  located  in  a  X/2 
microcavity.  More  precisely,  this  cavity  is  HLHLHL  2H  LHLHLH  where  H  and  L  stand 
respectively  for  a  high  (nH=  2.2)  and  low  (nL  =  1.45)  refractive  index  layer  whose  optical 
thickness  is  \/4.  Because  this  structure  is  resonant  in  normal  direction,  the  radiation  pattern  of 
the  dipole  is  in  normal  direction  is  enhanced  up  to  18  times  compared  to  its  free  space  value 
(see  figure  2  (b)). 
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figure  2:  (a)  radiation  pattern  of  an  erbium  atom  in  free  space;  (b)  radiation  pattern  of  an  erbium  atom  in  a 

resonant  micrccavity. 

In  other  words  the  spontaneous  emission  is  controled  and  the  atom  is  forced  by  the 
microcavity  to  emit  its  photon  in  a  direction  normal  to  the  stack.  From  a  quantum  point  of 
view,  this  is  due  to  the  extreme  vacuum  confinement  realized  by  this  device. 

By  the  way,  we  have  investigated  the  radiation  that  can  exit  the  stack  through  running  waves 
in  the  semi  infinite  outer  media.  We  have  seen  theoretically  that  the  atom  can  also  relax  by 
emitting  its  light  in  some  guided  modes  of  the  structure.  In  order  to  confirm  our  theory,  we 
have  implemented  an  experiment  to  measure  the  power  emitted  by  spontaneous  emission  into 
the  guided  modes.  Figure  3  shows  the  experimental  set  up  where  a  group  of  atoms  are  excited, 
by  a  cw  argon  laser.  A  scatterometer  type  apparatus  allows  us  to  measure  the  radiation  pattern 
in  the  air.  A  high  index  prism  (rutile)  is  set  on  the  microcavity,  few  mm  far  from  the  excited, 
atoms,  and  decouples  the  light  along  various  angles  6  according  to  the  guided  modes.  A 
detector  permits  to  obtain  the  guided  power  emitted  in  these  guided  fields. 


figure  3:  experimental  apparatus  to  measure  the  emission  into  the  guided  modes 

Results  of  these  experiments  will  be  presented  where  it  will  be  shown  that  the  amount  of 
power  emitted  into  those  guided  modes  is  important,  and  drastically  diminishes  the  emission  in 
normal  direction.  We  will  present  also  some  nev/  structures,  which  should  avoid  this  emission 
into  the  guided  modes,  in  order  to  make  efficient  luminescent  micro  devices  in  vertical 
direction. 
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I.  Introduction 

For  dispersion-free  transmission  with  a  standard  fiber  in  the  1.55  /rm  window,  a  light 
source  capable  of  negative-chirp  modulation  is  strongly  desired.  External  modulation  by 
electroabsorption  (EA)  modulators  [l]-[5]  has  attracted  much  interest  because  it  provides 
negative-chirp  modulation  where  the  averaged  values  of  chirp  parameter  are  negative.  The 
problem  is  that  the  conventional  negative-chirp  modulation  using  larger  bias- voltage  and/or 
detuning  to  smaller  wavelengths  is  accompanied  by  excessive  propagation  loss.  To  solve  these 
problems,  we  aim  to  establish  a  design  guideline  for  quantum  well  (QW)  EA  modulators 
that  makes  it  possible  to  attain  the  ideal  situation  where  the  negative  chirp  parameters  are 
independent  of  the  applied  electric  fields.  In  this  paper,  the  impact  of  quantum  confinement 
and/or  strain  effects  on  the  chirp  parameter  for  TE-polarized  small-signal  modulation  by 
using  InGaAsP  quaternary  material  is  analyzed  theoretically.  Based  on  the  analysis,  we 
predict  that  a  combination  of  a  wide  well  and  tensile  strain  will  provide  almost  a  continuously 
negative  field-independent  chirp  parameter. 

II.  Theoretical  Formalism 

In  EA  materials,  under  a  small  change  of  electric  field  strength  6F,  chirp  parameter 
f3c  at  the  wavelength  of  incident  light  Ao  is  defined  as  Pc  =  (47r/Ao)(5n/5Q;)A=Ao,  where  6a 
and  6n  are  the  induced  changes  in  the  absorption  coefficient  q;(A,  F)  and  in  the  refractive 
index  n(A,F),  respectively,  where  A  denotes  wavelength.  Electroabsorption  spectra  a{X,F) 
over  a  wide  wavelength  range  are  calculated  to  properly  evaluate  6n  by  the  Kramers-Kronig 
(K-K)  transformation  [6]  and  Pc-  Two  remarkable  features  of  the  InGaAsP  quaternary 
material  system  are  low  barrier  height  for  conduction  electrons  and  strong  valence- subband 
nonparabolicity  due  to  coupling  among  hole  states.  Recently,  we  showed  that  weak  electron 
confinement  in  InP-based  QW  structures  is  a  main  cause  of  the  spectral  broadening  of  o: 
[7].  With  these  facts  in  mind,  the  optical  transition  strengths  including  excitonic  effect  are 
calculated  to  give  the  a-spectra  for  TE  polarization,  taking  into  account  the  field-induced 
broadening  (FB)  in  the  conduction  subband  structures  and  the  field-dependent  valence  sub¬ 
band  structures  [7].  With  the  calculated  a-spectra,  K-K  integration  is  performed  with  the 
help  of  the  sum  rule. 

III.  Possibility  of  Negative  Chirp  Parameter 

From  the  definition  of  Pc,  6n{Xo)  <  0  is  required  to  get  negative  Pc  under  biased 
conditions  {8a  >0).  In  order  to  satisfy  this  condition,  we  manipulate  the  well  width  L-^ 
(the  quantum  confinement  effect)  and  the  amount  of  strain  e  (the  strain  effect).  The  analyzed 
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QW  structures  are  composed  of  a  single  Ini_2.Gaa;AsyPi_y  well  embedded  in  InGaAsP  (lattice 
matched  to  InP,  Xg  =  1.1  fim)  barriers.  Well  material  compositions  x  and  y  are  varied 
independently  of  so  as  to  keep  their  exciton  band  gap  energy  at  about  1.5  ym  when  F  = 
0.  Here,  6F  is  set  to  2  kV/cm. 

First,  the  quantum  confinement  effect  on  /3c  is  examined.  The  integrand  in  K-K 
transformation  is  expressed  as  (Ao/27r^)[(5Q(A,  F)/{Ao  —  A^)].  Large  variation  in  5a  of  the 
integrand  due  to  a  large  red  Stark  shift  is  necessary  for  6n{Xo)  to  become  negative.  In  Fig.  1, 
the  calculated  F  dependence  of  /3c  at  Ao=  1.55  fim  is  shown  for  lattice-matched  QW’s  with 
different  L^’s.  Note  the  trend  of  decreasing  Pc  with  increasing  L^,.  pc  for  the  QW  with  L^= 
12  nm  crosses  zero  at  half  the  value  that  Pc  for  the  QW  with  Lw=  6  nm  does.  The  reason 
for  this  trend  is  in  enhanced  red  Stark  shift  nonlinearly  proportional  to  Lw  The  wider  the 
well  is,  the  faster  the  spectra  of  6a  shift  toward  longer  wavelengths  across  Aq  become.  As  a 
result,  the  integrand  contributes  to  reducing  Sn.  Figure  1  indicates  that  the  larger  red  Stark 
shift  due  to  well  widening  makes  it  easier  for  pc  to  turn  negative  at  smaller  F.  Further 
reduction  in  Pc  down  to  a  negative  value  in  the  lower  F  range  is  possible  by  increasing 
to  more  than  12  nm.  However,  because  the  Stark  shift  oc  F^,  the  impact  of  widening  the 
well  on  reducing  pc  becomes  less  effective  when  F  is  low.  To  obtain  negative  Pc  values  in 
the  low  F  range,  we  turn  our  attention  to  the  strain  effect  when  12  nm.  When  is 

enlarged,  the  quantum  confinement  degrades.  On  the  other  hand,  the  strain-induced  change 
in  6a  becomes  more  enhanced  in  the  wider  QW.  Lyj  of  12  nm  is  the  compromise  that  extracts 
the  best  of  both  the  quantum  confinement  and  strain  effects  as  is  discussed  next. 

Figure  2  shows  the  pure  effect  of  tensile  strain  on  Pc,  where  the  dependence  of  Pc  on  F 
up  to  75  kV/cm  for  lattice-matched  and  tensile-strained  QW’s  with  different  e’s  is  plotted. 
In  the  figure,  Pc  is  found  to  be  sensitive  to  e.  Note  the  case  of  e=  0.4  %  where  Pc  is  almost 
continuously  negative  over  the  entire  range  of  F.  These  results  suggest  that  a  wide  QW  with 
0.4  %  tensile  strain  is  very  promising  for  achieving  negative  pc  characteristics  in  the  low  F 
region.  We  have  also  found  out  that  compressive  strain  in  the  wide  QW  can  reduce  Pc,  but 
its  impact  is  not  large  enough  to  bring  negative  Pc  values  over  the  whole  F  range.  Further 
details  will  be  discussed  in  the  presentation. 

IV.  Conclusion 

We  have  theoretically  examined  the  possibility  of  negative  chirp  characteristics  for 
InGaAsP  QW-EA  modulators  at  an  operating  wavelength  of  1.55  yxx\.  We  conclude  that 
a  combination  of  the  well  width  of  12  nm  and  0.4%  tensile  strain  brings  about  almost  a 
continuously  negative  chirp  parameter  for  all  field  strengths. 
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Fig.l  Variation  in  chirp  parameter  at  1.55  jim  for 
lattice-matched  InGaAsP  QW  with  changing  field 
strength  using  well  width  as  a  parameter. 


Fig.  2  Variation  in  chirp  parameter  at  1.55  fim  for 
lattice-matched  and  tensile-strained  InGaAsP  QW's 
with  changing  field  strength  using  amount  of 
strain  as  a  parameter,  l.m.  means  lattice  match. 
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Introduction: 

Electroabsorption  modulators  (EAMs)  of  the  Quantum- Confined  Stark- Effect  type 
[1,  2]  are  most  favorable  for  high-bitrate  distribution-networks  [3]  which  require 
transmitters  with  high  bandwidth,  high  extinction  ratio  and  controlled  chirp  [4,  5]. 
For  high-bitrate  applications  a  strong  Stark-shift  is  needed  at  low  drive- volt  ages  for 
an  effective  intensity  modulation  at  high  extinction  ratios.  The  bandwidth  of  the 
EAMs  is  mainly  determined  by  their  intrinsic  depletion  layer  capacity.  Devices  for 
high-bitrate  applications  with  large  intrinsic  layer  thicknesses  need  enhanced  Stark- 
shift  efficiencies  of  at  least  0.70nm/(kV/cm),  because  only  moderate  fieldstrengths 
can  be  achieved  in  the  quantum  well  region.  The  use  of  Si-bipolar  driver-ICs 
in  commercial  applications  limits  the  modulation- voltage  swing  to  2V,  and  an 
adjustment  of  absorption  and  chirp,  using  a  bias-voltage,  is  not  practicable. 

The  application  of  biaxial  strain  to  thin  epitaxial  layers  can  help  to  improve  the 
quality  of  quantum- well  semiconductor  devices  [6].  In  the  field  of  EAMs,  tensile 
strained  layers  have  been  used  mainly  for  polarisation  independent  devices  [7,  8]. 
Moreover,  these  devices  showed  superior  modulation  efficiencies  in  linear  polari¬ 
zed  light.  This  work  gives  a  theoretical  approach  to  this  enhanced  Stark-Effect, 
presenting  novel  design  criteria  for  tensile  strained  quantum  wells,  offering  very 
high  Stark-shift  efficiencies  between  0.70nm/(kV/cm)  and  0.80nm/(kV/cm).  The 
predicted  modulation  behaviour  is  compared  with  experimental  results. 

Theoretical  Background: 

Band  structures  are  calculated  with  the  kp-method  in  the  envelope  function  ap¬ 
proximation  [9].  The  conduction  band  is  assumed  decoupled  and  is  treated  with 
an  effective-mass  model.  Baised  on  the  theory  of  Luttinger-Kohn  and  Bir-Pikus, 
the  valence  band  structure  is  described  by  a  6x6  Hamiltonian,  which  includes  the 
k-  and  strain-induced  couplings  between  heavy-hole,  light-hole  and  split-off  bands 
[10].  In  the  axial  approximation  the  problem  reduces  to  two  sets  of  three  coupled 
differential  equations. 

We  apply  the  finite-difference  method  using  equidistant  discretization  and  appro¬ 
priate  boundary  conditions  at  layer  interfaces  and  obtain  sparse  Hermitian  matrices 
[llj.  Eigenstates  are  computed  for  a  set  of  k  values,  so  that  the  subbands  can  be 
approximated  by  polynomials.  In  the  calculation  of  fundamental  absorption  a  de¬ 
rivative  of  a  polynomial  substitutes  the  valence-band  effective  mass. 
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Fig.  1:  Calculated  valence-bands  and  absorption  spectra  of  a  13nni  Gao.53lno-47As 
quantum  well  at  fieldstrengths  of  50kV/cm  and  75kV/cm 

Excitonic  states  are  calculated  by  a  variational  method  [9].  The  exciton  Hamilto¬ 
nian  is  newly  formulated  for  nonparabolic  valence-band  dispersion.  The  linewidth 
broadening  is  assumed  to  be  inhomogenous  with  a  Gaussian  shape  of  8  meV  width 
(HWHM)  for  light-hole  and  spilt-off-band  transitions  and  7  meV  for  heavy-hole 
transitions,  respectively. 

Simulation  Results: 

Fig.  1  shows  calculated  valence-band  dispersions  and  the  corresponding  absorption 
spectra  for  TE-  (straight  line)  and  TM-polarisation  (dotted  line)  at  50kV/cm  and 
75kV/cm  in  a  13  nm  Gao.53lno,47As  quantum-well  situated  in  strain-compensating 
AlInAs-barrieres  with  35  %  Aluminium  content.  The  dotted  lines  in  the  valence- 
band  diagrams  represent  the  8  th-order  polynomial  approximations  used  for  the 
calculation  of  the  absorption  spectra. 

The  interaction  between  the  two  topmost  light-hole  and  heavy-hole  subbands,  which 
reach  the  degeneration  state  between  50kV/cm  and  75kV/cm,  leads  to  a  dramatic 
change  of  the  effective  mass  at  the  band  edge.  The  negative  heavy-hole  mass  at 
75kV/cm  fieldstrength  results  in  an  extremum  of  the  combined  density-of-states. 
This  leads  to  a  relatively  high  excitonic  off-state  absorption  for  TE-polarised  light, 
in  spite  of  the  decreased  transition-matrix  element  in  the  field-distorted  quantum 
wells.  The  increase  of  heavy-hole  mass  between  the  on-  and  the  off-state  supports 
the  TE-electroabsorption  in  a  very  effective  way.  In  contrast,  the  TM-absorption 
dramatically  drops  down  for  fieldstrengths  exceeding  the  degeneration  at  about 
62kV/cm,  according  to  the  decreasing  light-hole  mass.  A  Stark-Shift  of  50  nm  is 
achieved  at  75kV/cm  with  an  absorption  change  of  4000  cm”^  at  1.55 /xm  (Fig.  2). 
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Fig.  2:  Calculated  Absorptionspectra  of  Fig.  3:  Calculated  Absorptionspectra  of 
a  13  nm  Gao.53lno.47As-QW  for  OkV/cm  a  quaternary  13  am  Gao.42Alo.05Ino.52As- 
and  75kV/cm  QW  at  OkV/cm  and  75kV/cm 

To  stress  the  difference,  Fig.  3  shows  calculated  absorption  spectra  of  a  quater¬ 
nary,  lattice  matched  Gao.42Alo.05Ino.52As  quantum  well  of  13  nm  width  without 
electric  field  and  for  75kV/cm.  The  off-state  TM-absorption  in  the  excitonic  reso¬ 
nance  is  much  higher  than  in  the  tensile  strained  device  due  to  the  larger  light-hole 
transition-matrix  element  and  the  interaction  between  the  light  holes  and  the  se¬ 
cond  heavy-hole  subband.  In  contrast  to  the  absorption  of  TM-polarized  light, 
the  TE-absorption  at  75kV/cm  is  approximately  three  times  higher  in  the  tensile 
strained  device,  resulting  in  a  three  times  stronger  absorption  modulation. 

In  principle,  this  result  keeps  valid  even  under  high  temperature  conditions,  simu¬ 
lated  with  exciton  linewidths  of  25  meV. 

Device  processing: 

Samples  are  grown  on  2-inch  S-doped  InP  substrates  in  a  solid-source  MBE.  The 
structures  consist  of  a  120nm-thick  Si-doped  (Alo.48lno.52As)o.5  (Gao.47lao.53As)o.5 
short-period  superlattice  buffer  with  a  superlattice  period  of  3nm,  followed  by 
the  investigated  MQW  structures.  The  overall  thickness  of  the  intrinsic  zone  v/as 
adjusted  to  approximately  300  nm  by  an  undoped  Alo.48lno.52 As  cover  layer.  Sub¬ 
sequently,  the  1.2 /im  InP  cladding  layer  and  a  150  nm  Gao.47Ino.52As  contact-layer 
(both  Be-doped)  are  grown.  Ridge-waveguides  are  formed  by  a  combination  of  a 
CH4/H2-RIE  process  and  HC1:H3P04:CH3C00H  wet-chemical  etching.  For  the 
p-contacts  a  Ti  Pt  Au-metallisation  is  applied  to  the  ridge.  The  EAMs  are  cha¬ 
racterized  by  photocurrent  and  transmission  experiments.  Modulation  efficien¬ 
cies  exceeding  lOdB/V  have  been  achieved  at  1540  nm  wavelength  in  300  nm  long 
tensile-strained  quantum- well  EAMs  with  51  %  Gallium  content.  Both,  TE-  and 
TM-absorption  characteristics  are  nearly  identical,  so  that  the  device  could  be  dri¬ 
ven  as  polarisation  independent  EAM  too. 
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Conclusion: 

Tensile  strained  quantum  wells,  with  degenerated  subbands  at  the  modulator 
off-state  are  most  favorite  for  high-bitrate  EAMs  in  the  1.55 /xm  wavelength 
range.  The  predicted  Stark-Shift  in  13  nm  Gao.53Ino.47 As  quantum  wells  in  5nm 
Alo.35Ino.65As  barriers  amounts  to  50  nm  for  75kV/cm  with  an  absorption  modu¬ 
lation  of  4000  cm“\  due  to  strong  light-hole  heavy-hole  interactions  at  the  modu¬ 
lator  off-state.  This  enhanced  Stark-Effect  allows  wide  intrinsic  layers  with  low 
depletion-layer  capacity,  which  is  mandatory  for  high  bitrate  devices.  Modulation 
efficiencies  exceeding  lOdB/V  have  been  achieved  in  devices  corresponing  to  the 
above  mentioned  design.  As  expected,  these  EAMs  additionally  show  polarisation 
independent  modulation  characteristics. 
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U  INTRODUCTION 


r  .  the  future  All-Optical  Network  within  its  Transport,  Switching  and  Access 

functionalities  or  considering  the  increasing  demand  for  Datacommunications,  it  appears  that  a  wide 
^nge  of  optoelectronic  components  with  balanced  performances  and  costs  will  be  required. 
Concerning  this  balance,  it  has  been  recognised  that  package  structures  based  on  silicon  boards 
rnight  contribute  to  a  generic  and  flexible  technological  approach.  The  more  popular  has  been  the 
tlip-chip  assembly  of  optoelectronic  components  on  silicon  boards  with  V-grooves  in  order  to  perform 
passive,  and  therefore  cost-effective  alignment  with  single  mode  fibers  [1].  More  recently  [2,  3,  4,  5, 
6],  it  has  been  proposed  to  extend  this  approach  to  silicon  boards  with  integrated  silica  waveguides! 
This  opens  the  way  for  the  planar  integration  of  several  Photonic  Integrated  Circuits  (PICs)  [7,  8]  that 
is,  several  monolithically  integrated  optoelectronic  circuits  (figure  1).  This  approach  can  be  considered 
as  the  photonic  counterpart  of  the  Multi-chip  Module  Integrated  Circuits  (MMICs)  approach 
previously  developed  for  electrical  chips.  These  new  photonic  circuits  might  be  therefore  described  as 
Multi-chips  Photonic  Integrated  Devices  (MPICs). 


figure  1  :  After  PICs  assembly  on  the  silica  on  silicon  boards  (1-a), 
the  MPICs  are  obtained  (1-b)  and  packaged  (1<) 

Dir*  are  attractive  because  they  specifically  address  an  identified  bottle-neck  which  is  the 

nCs  packaging  On  the  one  hand,  the  silica  on  silicon  boards  used  In  MPICs  bring  with  it  the 
functionality  of  low-loss  integrated  optics  [9,  10,  11]  ;  therefore  it  is  necessary  to  identify  the  best 
complemernarities  or  functionalities  sharing  between  MPICs  and  the  PICs  they  integrate.  On  the  other 
^  and,  MPICs  have  to  fit  gently  with  the  overall  optoelectronic  package  for  which  the  usual  difficulty 
IS  to  search  an  optimum  in  a  sea  of  constraints.  ' 

Starting  from  the  more  recent  progress  on  silicon  boards  and  silica  on  silicon  passive 
components,  this  presentation  reviews  the  present  status  on  MPICs  and  some  possible  future 
prospects.  ^ 


If«  SILICON  MOTHERBOARDS  and  SILICA  ON  SILICON  INTEGRATED  OPTICS 

Silicon  wafers  are  well-suited  as  optoelectronic  submounts  due  to  their  thermal  dissipation 
and  thermal  expansion  coefficients  which  are  close  to  those  of  lll-V  materials,  their  mechanical 
properties  that  involve  hardness,  mastered  wafers  polishing,  possible  structuration  by  established  wet 
ajj-7  compatibility  with  lines  and  bumps  definition  for  flip-chip  assembly. 

Additionally,  Si  wafer  cost  is  relatively  low  and  a  wide  range  of  manufacturing  equipments  issued 
trom  the  electronic  activity  are  available. 

t  process  for  these  silicon  optoelectronic  submounts  involves  some  optional  structuring 

steps  that  include  V-grooves'  anisotropic  wet-etching  for  fiber  passive  alignment  [12l  wet  [13]  or  dry 
I  1  I  j.  '*^dentations  for  optoelectronic  chips  passive  alignment  or  recessed  areas  allowing 
eecrical  lines  access  under  the  flip-chip  mounted  optolectronic  components.  The  lines  and  bumps  on 
the  board  are  interfaced  by  proper  pads  with  a  multilayer  structure  [15]  involving  in  general  an 

a  esion  layer,  a  barrier  preventing  for  metal  diffusion  between  bumps  and  lines,  and  finally  a  pas¬ 
sivation  layer.  ^  ^ 
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The  silicon  board  structure  is  generally  chosen  together  with  on  on-board  assembly  strategy 
that  can  lie  from  purely  active  alignment  techniques  (i.e.  activation  of  a  laser  for  alignment  with  a 
single  mode  fiber)  [16]  to  passive  alignment  techniques  [13,  14,  17,  18,  21]  with  many  possible 
trade-offs  between  alignment  accuracy,  board  process  complexity,  etc... 

It  must  also  be  underlined  that  some  of  the  more  recent  progress  on  PIC's  will  directly  benefit 
to  MPICs.  Illustration  of  it  are  tapered  waveguide  devices  [19,  21]  that  improve  optical  coupling 
with  single  mode  fibers,  self-aligned  patterns  [18]  or  indentation  [21]  which  constitute  a  more 
accurate  reference  for  the  alignment  between  MPICs  and  single  mode  fibers  or  silica  waveguides. 

Silica  on  silicon  integrated  devices  have  been  fabricated  mainly  using  Chemical  Vapor 
Deposition  (CVD)  [9,  11,  22,  23,  24]  or  Flame  Hydrolysis  Deposition  (FHD)  [10,  25,  27].  CVD 
processes  have  the  potential  of  a  lower  process  temperature  which  makes  them  attractive  for  the 
fabrication  of  optical  waveguides  with  reduced  birefringence  ;  also  on  board  integration  with 
electrical  interconnections  can  be  considered.  However,  usina  CVD,  voids  appear  in  the  case  of 
burried  waveguides  [  23,  24]  which  might  then  limit  the  performance  reproductibility  of  the  silica 
based  integrated  circuits  (i.e.  ;  directional  couplers). 

III.  MULTI-CHIP  PHOTONIC  INTEGRATED  CIRCUITS  (MPICs) 

MPICs  have  emerged  from  increased  systems  needs  (reduced  packaging  cost,  higher  systems 
functionalities)  and  this  has  been  possible  from  the  simultaneous  progress  of  more  conventional 
components  (PICs,  Passive  optical  components).  The  MPICs  concept  has  been  pioneered  by 
laboratories  which  had  already  mastered  the  silica  on  silicon  passive  components  [25,  26,  2]  from 
which  the  MPICs  board  technology  is  derived. 
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figure  2  :  Flip-chip  assembly  of  O/E  components  onto  a  Silica  on  silicon  motherboard  using  active 
alignment  (2-a)  or  passive  alignment  (2-b)  techniques 


A  proper  design  of  MPICs  boards  is  a  complex  problem.  Concerning  the  alignment  of  optoelectronic 
components  on  the  silica  on  silicon  boards^  a  few  microns  alignment  tolerance  is  accepted  for  multi- 
mode  coupling  as  required  in  some  datacom  applications  ;  in  this  case,  passive  alignment  techniques 
are  attractive  [4].  Concerning  single  mode  operation  where  alignment  tolerances  are  in  the  micron 
range  or  even  lower,  the  debate  is  still  open  between  active  [5,  27]  or  passive  [6,  28]  onboard 
alignment  approaches  (figure  2).  Thermal  dissipation  also  is  a  concern  due  to  the  low  thermal 
conductivity  associated  to  the  use  of  silica  layers.  Finally,  passive  alignment  techniques  have  been 
also  proposed  for  the  fiber  alignment  at  the  edge  of  the  silica  on  silicon  board  [29 , 30], 
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New  Types  of  Singlemode  (Movable)  and  Multmode  (60-|im  thick)  SOI  Waveguides 
Fabricated  using  Silicon  Micromachining  Technology 

S.C.  Kan,  T.T.H.  Eng,  S.Y.S.  Sin,  J.Y.L.  Ho,  I.H.M.  Liem,  P.W.L.  Chan,  and  G.K.L.  Wong 
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Hong  Kong,  Phone:  (852)  2358-7493,  Fax:  (852)  2358-1652,  Email:  phskan@usthk.ust.hk 

Advantages  of  integrated  optical  devices  based  on  silicon  technology  have  been 
well  recognized  and  discussed  [1].  In  particular,  excellent  properties  of  waveguides  based 
on  Silicon-On-Insulator  (SOI)  structures  have  been  demonstrated.  In  this  paper,  we  report 
on  the  demonstration  of  two  new  types  of  SOI  waveguides  for  various  applications. 

I.  Single  Movable  SOI  waveguide  with  a  rib-beam  structure 

Movable  SOI  waveguides  have  been  proposed  by  Watts  et  al.  [2]  and  demonstrated 
by  Eng  et  al.  [3]  recently.  Applications  such  as  optical  switches  and  scanning  probes  have 
also  been  demonstrated  [4-5].  However,  the  movable  SOI  waveguides  developed  so  far  all 
have  a  simple  trapezoidal  cross-section  of  tens  of  pm^.  At  A,=1300nm,  these  waveguides 
support  multi-mode  propagation.  However,  for  high  performance  applications,  single  mode 
propagation  is  often  necessary.  The  first  demonstration  in  this  paper  is  the  singlemode 
propagation  in  a  low-loss  movable  SOI  waveguide  with  a  new  rib-beam  structure. 

The  new  movable  waveguide  designed  for  singlemode  propagation  is  shown  in 
Fig.l.  It  consists  of  two  sections  in  tandem:  a  conventional  rib  waveguide  section 
followed  by  a  rib-beam  cantilever  section.  The  conventional  rib  waveguide  section  acts  as 
a  mode  filter  to  remove  the  cladding  mode  confined  by  the  beam  structure. 

The  singlemode  criterion  for  SOI  rib  waveguide  with  large  cross-sectional  area  was 
derived  by  R.  A.  Soref  et  al  [6]:  W/H  <  0.3  +  r  /  (1-r^)'^^  ,  where  W  is  the  rib  width,  H  is 
the  rib  height,  and  r  is  the  ratio  of  the  rib  height  to  the  core  thickness.  For  our  rib 
waveguides  and  rib-beam  waveguides,  W  =  4pm,  H  =  5pm,  and  r  =  0.6.  Therefore,  the 
above  singlemode  criterion  is  satisfied. 

The  fabrication  process  (Fig.  2)  starts  with  a  commercial  SOI  wafer  with  an 
undoped  (6-8  Q-cm),  5pm  thick,  <100>  silicon  on  top,  and  a  1pm  thick  Si02  underneath. 
A  3000A  thermal  oxide  layer  is  first  grown  on  the  wafer  and  patterned  into  an  array  of 
4pm-wide  strips  along  (110)  direction  by  photolithography  and  buffered  HF  etching.  The 
rib  structure  with  a  2pm-height  is  obtained  by  KOH  etching.  Owing  to  the  crystal 
orientation,  the  side  slope  of  the  ribs  yields  54.7°,  thus  resulting  in  a  base  width  of  6.8pm. 
The  beam  structure  with  beam  width  of  17pm  in  the  rib-beam  cantilever  section  is  obtained 
by  a  second  photolithography  and  the  RIE  silicon  etching  using  photoresist  as  masking 
material.  The  sample  is  then  cleaved  into  8mm-long  bars  with  its  ends  polished.  Finally, 
the  Si02  underneath  the  silicon  beams  is  etched  by  buffered  HF. 
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The  waveguide  loss  at  ?i=1300nm  is  measured  to  be  less  than  2.4dB/cm.  The 
polarization  dependence  (between  TE  and  TM)  of  the  loss  is  less  than  5%.  The  intensity  of 
the  TM  mode  that  is  coupled  into  the  TE  mode  or  vice  versa  is  less  than  0.6%. 

The  measured  intensity  profile  using  an  IR  camera  is  shown  in  Fig. 3.  In  both  the 
vertical  and  lateral  directions,  the  profile  is  single  lobe  in  shape.  The  single  lobe  shape  of 
the  intensity  profile  implies  that  the  rib-beam  waveguide  supports  predominately  the 
propagation  of  the  fundamental  mode  in  both  the  vertical  and  horizontal  directions.  This 
profile  is  found  to  be  identical  to  that  of  a  conventional  rib  waveguide  that  we  fabricated 
with  the  same  rib  dimension  within  5%.  It  also  agrees  well  with  our  simulation  result  from 
Beam  Propagation  Method. 

We  also  using  the  singlemode  movable  waveguide  as  a  scanning  optical  probe  to 
scan  over  the  near  field  of  an  optical  fiber  mechanically  in  the  lateral  direction.  The  result 
is  shown  in  Fig.4.  A  mechanical  optical  switch  can  also  be  constructed  in  this  way  [2,4]. 

11.  Multimode  SOI  waveguides  with  a  60-micron  thick  single  crystal  Si  core 

The  second  demonstration  in  this  paper  is  the  development  of  low-loss  thick 
multimode  SOI  waveguides  that  has  a  core  size  comparable  to  that  of  the  conventional 
multimode  optical  fibers.  One  of  the  applications  is  for  multimode  optical  interconnect. 

The  SOI  waveguides  developed  previously  all  have  a  very  thin  core  layer  (less  than 
20  pm)  and  are  not  for  suitable  for  the  multimode  communication  systems.  In  order  to 
optimize  the  optical  coupling,  the  core  size  of  the  waveguides  should  be  comparable  to  that 
of  the  conventional  multimode  optical  fibers,  i.e.,  at  least  50  pm. 

The  low-loss  thick  multimode  waveguides  that  we  fabricated  (Fig. 5)  consist  of  a 
waveguide  core  (an  undoped  Si  beam)  with  a  trapezoidal  cross  section  on  top  of  a  1  pm 
thick  oxide  of  a  Si  wafer.  The  core  thickness  ranges  from  25  to  60  pm.  The  top  surface  of 
the  silicon  core  is  a  (100)  surface.  The  width  of  the  top  surface  ranges  from  3  to  60  pm.  A 
simple  4-port  waveguide  coupler  device  in  a  cross-junction  form  (Fig. 5)  is  also  fabricated. 

The  fabrication  process  of  the  waveguides  consists  of  two  steps.  The  first  step  is  to 
fabricate  a  Bond-and-Etchback  Silicon-On-Insulator  (BESOI)  wafer  [7]  for  the  vertical 
optical  confinement.  A  0.5-pm  thick  thermal  oxide  layer  is  first  grown  on  two  (100)  Si 
wafers.  The  two  oxidized  surfaces  of  two  wafers  are  then  bonded  together  at  25°C.  The 
bonded  pair  is  then  annealed  at  about  1000°C  for  30  min  in  Nt  .  The  Si  layer  on  one  side 
of  the  sandwiched  oxide  is  first  chemically  etched  to  a  desired  thickness  in  KOH  solution. 
The  waveguide  can  be  as  thick  as  the  starting  wafer,  i.e.,  500  pm  or  as  thin  as  less  than  1 
pm.  The  etched  surface  is  finally  polished  using  Chemo-Mechanical  Polisher. 
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The  second  step  in  the  fabrication  process  is  to  build  a  beam  structure.  A  1500A 
thick  LPCVD  Si3N4  film  is  first  deposited  on  a  BESOI  wafer  and  then  patterned  into 
masking  lines  by  photolithography  and  SFe  plasma-etching.  The  masking  lines  have  width 
ranging  from  3  to  60  pm  and  are  aligned  along  <110>.  Si  waveguide  beams  with 
trapezoidal  cross-section  are  then  obtained  in  KOH  solution.  The  two  end  facets  of  the 
waveguides  are  finally  polished  mechanically. 

We  first  measure  the  optical  loss  (>.=1300nm)  of  the  Si  waveguides.  For  Si 
waveguides  with  core  thickness  ranging  from  25  to  60  pm  and  top  width  ranging  from  3  to 
60  pm  wide,  the  waveguide  loss  is  smaller  than  the  uncertainty  (0.8dB/cm)  involved  in  our 
measurement.  Therefore,  we  conclude  that  the  loss  is  less  than  0.8  dB/cm.  The  near  field 
at  the  output  end  of  the  waveguide  is  shown  in  Fig. 6. 

In  order  to  demonstrate  the  application  of  these  Si  multimode  waveguides,  we 
fabricate  a  simple  multimode  waveguide  coupler  device  in  a  cross-junction  form  (Fig.5). 
The  core  thickness  are  60  pm.  The  waveguide  channel  from  A  to  B  has  a  top  width  of  60 
pm  and  is  aligned  with  the  <1 10>  direction.  The  waveguide  channel  from  C  to  D  has  a  top 
width  of  80  pm.  The  angle  of  intersection  between  AB  and  CD  is  2.5°.  The  results  are 
shown  in  Table  1.  The  listed  values  are  the  optical  power  inside  the  Si  waveguides.  We 
assume  31%  optical  power  reflection  at  the  Si/air  interfaces. 


Input  Port  Optical  Power 

(inside  input  port) 
Port  A  32.4 

Port  B  34.7 


Optical  Power 
(inside  port  B) 
21.1 
6 


Optical  Power  Spitting 

(inside  port  D)  Ratio 

3.5  6:1 

7.4  0.8:1 


For  the  case  of  injecting  optical  power  from  port  A,  the  waveguide  channel  CD 
serves  well  as  a  waveguide  tap  in  which  about  1 1%  of  the  input  power  is  tapped  off  from 
the  main  waveguide  channel  AB.  For  the  case  of  injecting  optical  power  from  port  C,  we 
find  that  the  excess  loss  is  significantly  higher. 
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Fig.  1  (a)  Singlemode  Rib-Beam  Cantilever  Waveguide  (b)  Cross-Section 


Single  Ctystal 


Fig.  2  Fabrication  Procedure 


Fig.  3  3-D  Intensity  profile 


Sitigle-Cryslal  Siliceit 


Fig.4  Collected  Power  vs.  Displacement 


Fig.  5  Thick  Multimode  SOI  Waveguide  Devices 
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Introduction 

Porous  silicon  offers  many  potential  advantages  for  the  realisation  of  optoelectronic  circuits 
and  systems.  Foremost  is  the  demonstration  of  photoluminescence  [1]  and  solid  state 
electroluminescent  devices  [2,3]  which,  when  married  with  silicon  based  photodetectors  and 
the  well  established  electronic  fabrication  processes,  has  opened  up  the  possibility  for  the 
realisation  of  monolithic  all-silicon  optoelectronic  integrated  circuits  (OEIC’s).  Another 
important  feature  is  the  ability  to  selectively  produce  insulating  regions  in  CMOS  circuitry  by 
converting  the  porous  silicon  to  silicon  dioxide  by  oxidation.  Oxidation  of  porous  silicon  also 
provides  a  new  route  to  the  realisation  of  the  basic  building  block  for  all  optoelectronic  circuits 
-  the  optical  waveguide. 

The  refractive  index  of  porous  silicon  varies  widely  with  the  porosity  of  the  material  [4,5] 
which  can,  in  turn,  be  varied  controllably  [6].  Subsequent  oxidation  offers  the  designer  an  extra 
degree  of  freedom  and  may  be  advantageous  since  the  optical  properties  of  as-prepared  porous 
silicon  material  have  been  shown  to  vary  with  time  [7].  Porous  silicon  material  thus  provides 
great  flexibility  for  the  realisation  of  waveguides  and  derived  devices  such  as  splitters  and 
couplers.  In  this  paper  we  describe  the  design,  fabrication  and  testing  of  planar  and  single 
mode  rib  optical  waveguides  in  porous  silicon  materials  and,  by  using  the  illustrative  example 
of  a  Y-junction  splitter,  show  how,  once  this  base  waveguide  technology  is  established, 
systems  components  for  optoelectronic  integrated  circuits  (OEIC’s)  can  be  readily  realised. 
Importantly  these  devices  do  not  resort  to  the  epitaxy  or  implantation  processes  which  were 
a  feature  of  previous  porous  silicon  based  waveguide  designs  [8]  and  therefore  offer  significant 
processing  and  cost  advantages. 

Formation  and  Testing  of  Planar  (Slab)  Waveguides 

To  produce  a  planar  optical  waveguide  it  is  necessary  to  foitn  a  region  with  a  refractive  index 
which  is  higher  than  that  of  its  surroundings.  In  the  case  of  porous  silicon  layers  on  a  silicon 
wafer  a  low  refractive  index  buffer  layer  of  sufficient  thickness  is  required  to  isolate  the 
waveguiding  region  optically  from  the  high  refractive  index  substrate. 

Bondarenko  and  co-workers  [9]  reported  the  formation  of  optical  waveguides  in  silicon  wafers 
which  were  masked  before  anodization  and  subsequently  oxidised.  We  have  extended  this  work 
to  oxidised  porous  silicon  layers  which  were  prepared  from  p'*'  substrates  of  resistivity  5-15 
mQcm,  by  anodising  with  a  uniform  cuivent  of  30  mAcm’^  and  a  20%  ethanoic  HF  solution, 
to  produce  a  5pm  thick  layer  of  nominal  uniform  porosity  54%.  Planar  optical  waveguiding 
was  observed  in  the  resulting  stioicture  at  both  0.633  pm  and  1.28  pm  wavelengths.  The  TE 
mode  power  attenuation  coefficient,  measured  using  a  cut-back  method,  at  the  visible 
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wavelength  was  around  0.8  cm''.  Prism  coupling  measurements  confirm  the  presence  of  two 
guided  TE  modes  (with  effective  indices  1.4554  and  1.4513)  and  one  guided  TM  mode  (with 
effective  index  1.4551)  at  this  wavelength.  At  1.28  pm  wavelength  the  waveguide  was 
observed  to  be  leaky  and  the  power  attenuation  coefficient  evaluated  was  over  5  cm'’.  The 
waveguide  formation  mechanism  in  these  structures  is  not  clear.  Ellipsometry  measurements 
at  0.633  pm  suggest  the  presence  of  a  layer  of  higher  refractive  index  approximately  0.5  pm 
thick  near  the  surface  of  the  wafer  but  these  predictions  are  not  consistent  with  a  measured  full 
width  half  intensity  beam  width  of  approximately  4pm  nor  the  measured  effective  refractive 
indices. 

Multi-layer  slab  waveguides  can  be  also  be  produced  by  using  the  variation  of  microscopic 
structure  and  in  particular  porosity  with  anodization  current  density  [5].  In  these  structures  the 
porosity  can  be  controlled  and  refractive  index  predicted  from  porosity  using  a  Bruggeman 
approximation.  The  relationships  obtained  for  the  samples  produced  under  the  present  study, 
based  on  (100)  p-type  silicon  (0.2  Qcm),  are  shown  in  Figure  1.  By  changing  cuirent  density 
abruptly  during  the  anodization  process  three-layer  slab  waveguides  comprising  a  waveguiding 
layer  of  62%  porosity  sandwiched  between  upper  and  lower  cladding  layers  of  porosity  75% 
were  produced.  Two  samples  were  produced,  the  first  with  a  guiding  layer  thickness  of  0.5  pm 
and  the  second  with  a  guiding  layer  thickness  of  2  pm.  In  the  as-prepared  state  these  exhibited 
(lossy)  waveguiding  at  1.28  pm  but  after  subsequent  oxidation  for  2  hours  at  870  °C  losses 
were  substantially  reduced  and  waveguiding  also  obseiwed  at  visible  wavelengths. 

SEM  studies  of  the  layered  waveguide  structure  reveals  that  the  interface  between  the  guiding 
and  cladding  porous  silicon  layers  shows  a  roughness  with  an  amplitude  of  50-100  nm.  This 
is  known  to  give  rise  to  unwanted  scattering  loss  and  in  an  attempt  to  reduce  this  a  slab 
waveguide  having  a  graded  refractive  index  was  designed  and  fabricated. 

The  planar  waveguide  with  graded  index  profile,  which  will  function  at  633  nm  after  oxidation 
and  which  can  be  subsequently  etched  to  fonn  strip  loaded  waveguides  with  additional  lateral 
confinement,  was  designed.  For  oxidised  porous  silicon  we  again  estimate  refractive  index 
using  a  Bmggeman  approximation.  The  design  refractive  index  profile  chosen  for  the  oxidised 
structure  was  n  =  1.17  +  (0.0859/(cosh'(3.89x))  for  -0.3  <  x  pm  <  0.5.  Here  the  origin  is  taken 
to  be  the  centre  of  the  guiding  region  [10].  A  uniform  upper  cladding  region  of  measured 
refractive  index  1.449  and  thickness  0.5  pm  (which  can  be  subsequently  etch  to  form  a  strip 
load)  and  a  lower  cladding  of  refractive  index  1.373  and  thickness  6.3  pm  (the  optical  buffer) 
were  also  incorporated  in  the  wafer  prepared.  The  as-prepared  wafer  showed  lossy  waveguiding 
at  1.28pm  and,  as  with  the  three  layer  slab  waveguide,  waveguiding  was  extended  to  visible 
wavelengths  and  losses  were  substantially  reduced  following  oxidation. 

Processing  and  Testing  of  Strip  Loaded  Waveguides 

In  order  to  demonstrate  practical  devices  for  OEIC’s  it  is  required  to  provide  waveguides  with 
additional  lateral  confinement.  This  may  be  conveniently  achieved  in  the  (oxidised)  porous 
silicon  multi-layers  by  partially  etching  the  upper  cladding  layer  to  provide  strip  loaded 
waveguide  structures.  When  defining  a  strip  load  it  is  usual  to  define  an  etch  mask 
photolithographically  followed  by  a  wet  or  diy  etch  process.  It  was  found,  however,  that 
porous  silicon  reacted  with  our  photoresist  developer.  In  order  to  overcome  this,  the  as- 
prepared  wafers  were  coated  with  a  50nm  layer  of  silicon  nitride  by  PECVD  at  300  °C.  The 
nitride  layer  and  strip  load  waveguides  were  patterned  by  reactive  ion  etching  with  Freon  14 
•f  8-12%  Oj  to  a  total  depth  of  0.5  pm.  Waveguides  for  visible  wavelengths  were  prepared  by 
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subsequent  oxidation  at  800  °C  in  air  for  80  minutes.  Waveguide  widths  of  between  2  and  100 
|im  were  studied.  Waveguides  with  smaller  widths  (typically  below  6pm)  were  found  to  be 
single-moded  in  agreement  with  theoretical  predictions.  Losses  measured  were  similar  to  those 
found  for  the  equivalent  planar  structures. 

Study  of  Y-Junction  Splitters 

Using  the  basic  strip-loaded  waveguides  functional  devices  can  be  realised.  This  is  illustrated 
using  Y-junctions.  A  set  of  Y-junctions  having  waveguide  widths  2,  3,  and  4  pm,  a  range  of 
initial  separation  angles  5°,  10°  or  15°  (relatively  large  in  a  OEIC  context)  and  which  followed 
sine  curves  to  separate  the  output  waveguides  to  a  distance  of  50  pm  were  fabricated.  Figure 
2  shows  the  output  near  field  intensity  pattern  measured  for  an  oxidised  sample  with  3  pm 
wide  guides  and  an  initial  separation  angle  of  10°.  All  configurations  show  the  expected 
splitting  performance  and  detailed  work  is  underway  to  understand  how  cuiwature  and 
fabrication  tolerance  contribute  to  additional  losses  observed  experimentally. 

Conclusion 

Porous  silicon  continues  to  emerge  as  an  important  and  versatile  material  for  electronic  and 
optoelectronic  applications.  In  this  paper  we  have  demonstrated  that  planar  optical  waveguides 
operating  over  a  range  of  wavelengths  can  be  readily  produced  in  these  materials  without 
recourse  to  epitaxy  and  therefore  at  low  cost.  Subsequent  standard  processing  effects  the 
fabrication  of  single  mode  rib  waveguides  with  additional  lateral  confinement.  These  form  the 
basic  building  blocks  of  functional  elements  for  optoelectronic  circuits. 
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Figure  1:  Refractive  index  of  porous  silicon  prepared  form  0.2  Qcm  p-type  silicon  wafer  in 
1  HF:  1  H20:2  CjHj  OH  electrolyte,  as  a  function  of  anodisation  current  density  and  porosity. 


Figure  2:  Near-field  output  at  wavelength  0.633  pm  from  an  oxidised  porous  silicon  Y- 
junction  foimed  using  3pm  wide  guides.  The  output  guide  separation  is  50  pm. 
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With  the  advent  of  higher  clock  speeds  and  distributed  multiprocessor  computer 
architectures,  a  great  deal  of  interest  has  arisen  in  synchronously  distributing  a  clock  signal  over  all 
the  processors  in  a  computer  with  an  acceptable  clock  skew  [11.  Unfortunately,  at  clock  speeds 
above  500  MHz,  a  synchronous  global  clock  distribution  system  is  very  difficult  to  attain  using 
electiical  interconnects  due  to  their  inherent  limitations.  Because  of  the  high  bandwidth  capability  in 
optical  signals,  various  guided  wave  optical  clock  distribution  schemes  have  been  investigated  to 
alleviate  such  a  problem.  Photopolymer-based  multiplexed  volume  holograms  [2],  surface  relief 
gratings  working  at  different  diffraction  orders  [3]  have  been  employed  to  achieve  massive  fanouts. 
However,  due  to  the  nature  of  non-multiplexibility,  a  surface  relief  grating  is  primarily  employed  as 
1-to-l  interconnect  device  with  relatively  low  interconnectivity  [4].  For  l-to-many  fanout  optical 
interconnects  employing  surface  relief  material  with  a  single  fanout  node,  a  new  device 
configuration  is  needed  to  solve  this  problem. 

Polygonal  grating  structures  for  optical  clock  signal  distribution  have  been  investigated 
recently  [5,6].  These  authors  demonsriated  specific  advantages  of  free  space  optical  interconnects 
using  diffractive  optical  elements.  A  suitable  packaging  of  these  structures  provides  the  desired 
optical  clock  signal  distribution  while  a  high  diffraction  efficiency  is  maintained.  On  the  other  hand 
some  papers  are  dedicated  to  study  Gaussian  beam  diffraction  from  planar  gratings  [7-9].  The 
objective  of  this  paper  is  to  address  the  diffraction  patterns  observed  in  various  l-to-many  fanouts 
using  polygonal  planar-  grating  sUaictures  with  Gaussian  beams  as  the  input  light  sources. 

We  outline  in  Figures  1(a)  and  1(b),  respectively,  the  experimental  setup  and  the  three 
dimensional  (3D)  view  of  the  detailed  structure  of  the  Si-based  1 -micron  period  input/output 
grating  couplers.  The  input  coupler  is  a  square  grating,  containing  four  triangular  gratings  with 
grating  vectors  perpendicular*  to  the  adjacent  ones,  while  the  output  couplers  are  four  linear  gratings 
apart  from  the  input  grating.  All  surface  relief  gratings  were  etched  into  the  Si  wafer  by  techniques 
described  early  [6].  A  SEM  photograph  of  the  micr-ostructure  of  the  fabricated  square  gi'ating  is 
illustrated  in  Fig.2.  In  the  experimental  scheme,  1.3  |im  semiconductor  laser  beam  after  the  spatial 

filtration  and  expansion  had  a  diameter  of  6  mm  and  the  full  divergent  angle  of  0.34x10  ^rad. 
After  focusing  by  a  lens  with  a  focal  length  of  100  mm,  the  laser  beam  was  coupled  surface- 
normally  into  Si-substrate  by  the  square  grating  coupler  containing  four  tr-iangular-  gratings.  Four 
surface-normal  fanout  beams  were  observed.  The  square  grating  converted  surface-norrnal 
incoming  beam  into  four  substrate  guided  waves  which  zig-zagged  along  four  phase-matching 
directions.  The  four  fanout  beams  were  picked  up  by  four  output  gratings.  These  four  surface- 
normal  output  beams  were  detected  by  Vidicon  camera  together  with  a  laser  beam  analyzer  (LBA). 
The  micro-objective  lens  M  served  to  enlarge  the  observed  image  and  to  enhance  the  LBA 
measurement  resolution. 

The  zig-zag  beam  path  in  the  Si  substrate  is  governed  by  grating  diffraction  theor-y  and  total 
internal  reflection  (TIR),  which  is  displayed  in  Fig.3.  Here,  only  the  two  corresponding  ti-iangular 
gratings  which  diffract  the  input  clock  signal  beam  to  the  indicated  direction  are  plotted.  For  the 
considered  case  with  an  1  micron  grating  period,  the  angle  of  the  first  diffraction  order  is  calculated 
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to  be  0j  =  21. 8°,  larger  than  the  critical  angle  0cOfTIR  in  Si  substi'ate  ( 9^  =16.6“).  The  whole 
zig-zag  propagation  beam  path  was  estimated  to  be  about  15  mm.  As  we  can  see,  for  each  pair  of 
the  polygonal  gratings  shown  in  the  left  top  of  the  sketch  (Fig. 3),  two  diffraction  spots  should  be 
observed  along  the  surface  nonnal  direction.  The  double-spot  appearance  is  due  to  the  two  l.st 
order  diffractions  activated  by  two  oppositely-structured  triangular  gratings.  This  conclusion  is 
confirmed  by  the  observations  described  below  and  should  be  valid  for  any  polygonal  structures 
with  an  even  number  of  triangle  grating  facets  . 

In  order  to  further  investigate  the  obseiwed  results,  we  performed  theoretical  calculation  on 
the  diffraction  patterns  equivalent  to  the  experimental  setting.  There  are  two  processes  that  re.sult  in 
the  diffraction  patterns  observed.  The  first  is  the  grating  diffraction  which  is  controlled  by  the 
required  phase-matching  condition  and  the  second  is  the  diffraction  pattern  generated  by  finite 
apertures  which  are  defined  by  the  triangular  segments  affiliated  with  the  polygonal  gratings.  From 
the  point  of  view  of  optoelectronic  interconnects,  both  effects  are  pivotal  in  system  design.  The 
direction  defined  by  the  grating  diffraction  determines  the  precise  location  of  fanout  beams  while 
the  aperture-related  diffraction  patterns  dictate  the  effective  area  of  the  photodetector  to  be 
implemented. 

Because  the  aperture  size  is  much  larger  than  the  wavelength,  we  used  only  scalar 
diffraction  approach.  We  also  assumed  that  output  beam  shape  is  independent  of  the  polaidzation 
states  of  the  incident  beam.  The  aperture  of  one  pair  of  the  triangular-  gratings  with  opposite  facets 
locate  in  the  plane  defined  by  Consider  an  incident  Gaussian  beam  propagates  along  z 

direction  with  low  divergence;  the  paraxial  approximation  can  be  used.  The  diffraction  pattern 
u(x,y,z)  in  the  image  plane  (x,  y)  derived  from  Fresnel  integral  [10]  is  given  by: 

u(x,y,z)  =  :^jju(^,ri,0)exp{-i(j^^)[(x-^)'  +  (y  - B)' ]}d^dri  (1) 

where  u(^,T|,0)  is  the  wave  field  within  the  double  ti-iangular  apertures  (z=0),  k  is  the  wave 
vector,  and  Q  is  the  effective  aperture  ai'ea. 

The  normalized  surface-noi-mally  incident  TEMog  Gaussian  beam  is  characterized  at  the 
aperture  plane  by  the  expression: 


u(^,Ti,0)  =  exp[-(^'  -i-r|')p] 


where 


P  =  A-— ■ 

w^  2R 


w' =Wo'[l-}-(^^y^  2)'],  R 

°  /TtWo 


Here,  w  is  the  beam  width  at  any  distance  z;  Zq  is  the  distance  from  the  aperture  plane  to  the  beam 
waist  Wq  ,  and  R  is  the  radius  of  the  spherical  wave  front . 

If  the  beam  waist  is  located  at  the  aperture  plane,  we  have: 
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In  equation  (4),  is  defined  by; 

Fa.y{f(^-ri)}  =  Jj f(^,ri)exp[-27ti(^a  +  r|7)]d^dri 

a 

For  diffracted  field  calculation,  we  use  a  known  fast  Fourier  transfomi  (FFT)  method  delineated  in 

[11]. 

The  calculated  output  diffraction  pattern  for  an  image  planes  at  z=5mm  is  shown  in  Fig.4. 
Fig.Sa  shows  the  3D  experimental  pictures  of  diffracted  beam  profiles  in  the  neai-  field  (z==5mm) 
from  1  micron  grating,  for  100  mm  focused  incident  beam.  The  parameters  used  in  the  calculation 
(Fig.4)  were  the  same  as  those  used  in  measurement  in  Fig.5a.  Apparently  they  ai’e  in  excellent 
agreement.  In  Fig.5a  we  see  two  diffraction  spots  limited  by  the  aperture  of  output  rectangular 
grating  with  a  lateral  size  of  0.3  mm.  This  demonstrated  image  structure  was  observed  for  all  four 
surface-normal  fanout  beams.  We  also  used  an  output  couple  prism  instead  of  an  output  grating  to 
directly  couple  out  the  guided  wave.  The  prism  was  placed  between  the  input  squai’e  grating  and 
output  rectangular  grating  and  the  distance  from  it  to  the  input  grating  can  be  adjusted  from  1  mm 
to  about  5  mm.  The  resulting  output  beam  profile  is  shown  in  Fig.Sb,  which  is  similar  to  Fig.Sa 
and  in  good  agreement  with  calculation.  The  peaks  are  broadened  because  the  image  was  taken 
about  5  mm  after  the  prism  surface  and  the  actual  path  was  longer. 

In  conclusion,  we  demonstrated  in  this  paper  the  fanout  beam  profiles  in  the  proposed 
optical  clock  signal  distribution  scheme  using  Si-based  polygonal  grating  couplers.  Double 
diffraction  spots  occurred  for  a  polygonal  grating  with  an  even  number  of  grating  facets.  This  effect 
is  further  confimied  by  the  scalai'  diffraction  theory. 

This  reseai'ch  is  sponsored  by  ONR,  ARPA  and  Radiant  Reaserch,  Inc.. 
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Fig.1,  (a)  Experimental  setup,  (b)  Structure 
of  input/output  grating  coupler. 
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Fig. 2,  SEM  photograph  of  the  square 
grating  structure. 
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Fig. 4.  Calculated  3D  image  of  diffracted 
beam  prof  i  le  when  2=  5mm.  100mm 
incident  beam 
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Fig.5.  3D  pictures  of  double-spot  diffracted 
beams  by  1  -micron  grating. 

(a)  coupled  out  by  grating. 

(b)  coupled  out  by  prism. 
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I.  Introduction 

Low-loss  silica  waveguides  on  silicon  are  used  to  produce  a  variety  of  planar  lightwave 
circuits  (  PLCs),  including  optical  splitters,  thermooptic  switches,  filters  and  routers,  which  are 
useful  devices  for  constructing  optical  communication  networks  The  introduction  of  the 
high-speed  optical  effect  into  silica-based  waveguides  will  extend  the  possible  PLC  functions 
with  a  fast  switching  operation. 

Recently,  considerable  interest  has  been  shown  in  applying  the  linear  electro-optic  effect 
in  poled  silica-based  glass  to  optical  devices.  Although  electro-optic  phase  modulation  has  been 
observed  in  poled  silica  with  bulk,  fiber  and  planar  waveguide  geometries  no  integrated 
intensity  modulators  or  switches  have  yet  been  reported.  It  is  important  to  developed  integrated 
waveguide  devices  and  also  to  understand  the  mechanism  of  the  electro-optic  effect,  which 
exhibits  electro-optic  coefficients  scattered  over  a  wide  range  between  0.002  and  6pnW^®^^^^ 

In  this  paper,  we  report  successful  2x2  electro-optic  switching  in  thermally  poled  Ge02- 
doped  silica-based  channel  waveguides  on  Si  which  we  achieved  by  using  an  integrated  Mach- 
Zehnder  interferometer  (MZI)  configuration. 

II.  Experimental 

An  MZI,  which  was  composed  of  two  3dB-directional  couplers  and  two  waveguide-arms 
with  the  same  length  was  constructed  with  Ge02-doped  silica-based  channel  waveguides  on  a 
Si  substrate.  One  waveguide-arm  of  the  MZI  included  an  electro-optic  phase  shifter.  The  layout 
of  the  waveguide  MZI  and  the  phase  shifter  cross  section  are  shown  schematically  in  Fig.  1  (a) 
and  (b),  respectively.  The  MZI  was  fabricated  by  flame  hydrolysis  deposition  (FHD)  and 
reactive  ion  etching  (RJE)  techniques  The  7  |j,m  square  core  was  formed  using  Ge02-doped 
silica  glass  with  a  refractive  index  0.7%  greater  than  that  of  the  silica  cladding.  The  36  cm-  long 
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phase  shifter  was  equipped  with  two  electrodes;  one  was  a  Au  thin  film  electrode  formed  on 
one  waveguide-arm  of  the  MZI  and  the  other  was  a  Si  substrate  with  a  low  resistivity.  The 
glass  between  the  two  electrodes  was  36  |im  thick.  The  gap  between  the  Au  thin  film  electrode 
and  the  core  was  9  |im.  The  size  of  the  integrated  MZI  on  the  Si  substrate  was  75  mm  x  60 
mm.  In  order  to  induce  the  electro-optic  effect,  the  silica-based  waveguide  in  the  phase  shifter 
was  thermally  poled  at  300  °C  by  applying  a  voltage  of  4  kV  between  the  electrodes  for  2 
hours. 

After  the  poling  process,  we  measured  the  MZI  transmission  characteristics  at  a 
wavelength  of  1.55  |xm  by  applying  a  voltage  between  the  electrodes.  1.55  fxm  light  from  a 
laser  diode  was  introduced  into  the  MZI  by  a  polarization  maintaining  fiber  through  a  polarizer. 
The  output  light  from  the  MZI  was  detected  with  a  photodiode  through  a  single  mode  fiber. 


III.  Results  and  Discussion 

Figure  2  shows  the  TM-polarized  output  powers  against  the  applied  voltage.  The  open 
and  closed  circles  represent  the  output  optical  power  from  output  port  1  (through  port)  and 
output  port  2  (cross  port),  respectively.  Output  port  switching  was  observed  at  a  switching 
voltage  of  1700  V.  The  extinction  ratio  and  the  loss  were  20  dB  and  4  dB,  respectively.  The 
sinusoidal  relationship  between  the  output  powers  and  the  applied  voltage  indicates  that  the 
optical  phase  shift  was  caused  by  the  linear  electro-optic  effect.  The  optical  phase  shift  of  the 
MZI  can  be  described  by 


At})  =  2n 


where  A(j)  is  the  shift  of  the  optical  phase  in  the  MZI,  r  is  an  electro-optic  coefficient,  ne  is  the 
effective  refractive  index  of  the  core,  V  is  the  applied  electrical  voltage  of  the  glass  layer,  d  is 
the  thickness  of  the  glass  layer,  L  is  the  interaction  length,  that  is  the  Au  thin  film  electrode 

length,  T]  is  the  spacial  overlap  factor  between  the  poled  region  and  the  waveguide  mode,  and  X 

is  the  measurement  wavelength.  Assuming  the  value  of  the  overlap  factor  t]  to  be  1,  the  electro¬ 
optic  coefficient  estimated  from  the  MZI  optical  response  in  the  TM  mode  is  0.02  pmA'^.  This 
value  is  in  the  range  of  the  reported  electro-optic  coefficients.  The  weak  electro-optic  effect 
may  be  due  to  the  high  quality  of  the  Ge02-doped  silica  formed  by  FHD  which  contains  very 
few  impurities  or  defects,  since  the  nonlinearity  is  thought  to  originate  from  charge  migration  or 
the  dipole  orientation  in  the  glass 
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Figure  3  shows  the  switching  response  of  the  MZI  when  a  pulsed  voltage  of  100  V  was 
applied.  The  upper  and  lower  lines  represent  the  applied  voltage  and  the  MZI  output  power, 
respectively.  The  rise  and  fall  times  of  the  output  light  were  both  shorter  than  100  ns.  This 
response  is  similar  to  the  temporal  change  of  the  driving  voltage.  High  speed  switching  over  1 
order  of  magnitude  faster  may  be  possible  by  reducing  the  RC  constant. 

The  thermal  stability  of  the  electro-optic  coefficient  was  examined  in  the  poled 
waveguide.  The  waveguide  was  heat  treated  for  periods  of  30  minutes  at  successively  higher 
temperatures  with  an  interval  of  100  °C.  The  measured  electro-optic  coefficients  are  shown  in 
fig.  4.  No  reduction  was  observed  in  the  electro-optic  coefficient  after  30  minutes  annealing  at 
300  "C.  The  electro-optic  coefficient  decreased  to  50  %  of  its  initial  value  at  a  temperature  of 
400  °C. 

IV.  Conclusion 

Electro-optic  switching  in  a  Ge02-doped  silica  integrated  waveguide  MZI  on  Si  was 
demonstrated  for  the  first  time.  The  switching  voltage  was  1700  V  in  the  1.55|im  wavelength 
region  with  an  extinction  ratio  of  20  dB.  The  switching  response  time  was  less  than  100  ns. 
Improvement  in  the  electro-optic  coefficient  to  the  maximum  value  reported  for  Ge02-doped 

silica  fiber  will  reduce  the  length- voltage  product  by  a  factor  of  more  than  100  and  will 
extend  the  possible  PLC  applications,  which  will  be  useful  for  constructing  optical 
communication  networks. 
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Figure  1  A  silica-based  waveguide  Mach-Zehnder  interferometer  on  Si  with  a  phase  shifter 
(a)  schematic  layout  of  the  MZI  (b)  cross  sectional  view  of  the  phase  shifter 


Output  port  2 
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Figure  2  The  MZI  output  powers  vs  the  applied  voltage.  The  open  and  closed  circles  represent 
the  output  optical  power  from  output  port  1  and  output  port  2,  respectively. 
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Figure  3  The  temporal  response  of  an  MZI 
driven  with  a  pulsed  voltage 


Figure  4  The  EO  coefficient 

vs.  annealing  temperature 
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Introduction 

Photonic  lattices  in  the  optical  wavelength  regime 
can  be  experimentally  realized  by  periodically 
modulating  the  reflectivity  of  the  top  mirror  of  a 
broad  area  vertical  cavity  surface  emitting  laser 
(VCSEL)  structure.  Each  lattice  element  is 
represented  by  a  lasing  pixel  whose  cavity  is  defined 
by  locally  enhancing  the  mirror  reflectivity  using, 
e.g.,  etching  [1]  or  metal  layer  deposition  [2].  The 
sizes  of  such  mirror  elements  are  of  the  order  of  a 
few  pm.  Diffraction  at  the  mirror  edges  then  leads  to 
an  overlap  of  the  electromagnetic  fields  of  adjacent 
lasers.  Due  to  this  coupling  among  the  array 
elements,  a  band  of  array  "supermodes"  is  formed. 

Electrically  pumped,  patterned  mirror  VCSEL 
arrays  have  been  demonstrated,  and  showed  a 
superior  spatial  coherence  as  compared  with  broad 
area  VCSELs  [3].  They  exhibit  a  high  degree  of 
supermode  selectivity,  due  to  the  difference  in  cavity 
losses  of  the  various  array  modes.  Furthermore,  the 
spatial  coherence  was  greatly  improved  in  two 
dimensional  (2D)  arrays  as  compared  with  ID  arrays 
[4]  of  such  lasers.  This  was  attributed  to  a  reduced 
degree  of  photon  localization,  caused  by  inadvertent 
fluctuations  in  refractive  index  across  the  array,  as 
the  array  dimensionality  is  increased  from  1  to  2. 

This  dependence  of  photon  localization  on 
dimensionality  is  considered  in  detail  in  the  present 
paper.  We  present  results  of  modeling  of  such 
photonic  lattices,  and  establish  quantitatively  the 
impact  of  disorder  on  the  localization  for  one-,  two- 
and  fractal-dimensional  arrays. 

The  Mode! 

Our  simulations  are  based  on  coupled  mode 
theory  [5],  which  successfully  simulates  the 
experimental  near-  and  far-fields  of  patterned  mirror 
VCSEL  arrays  [2].  Each  laser  is  represented  by  a  2D 


waveguide  mode  (propagation  constant  placed  at 
a  given  site  on  a  square  lattice,  and  the  optical 
coupling  is  represented  by  the  coupling  coefficients 
Kfj.  The  dimensionality  of  the  array  is  varied  either 
by  adding  rows  to  a  ID  structure  or  by  using  fractal 
lattices  (with  a  finite  fractal  depth).  Disorder  effects 
are  modeled  by  choosing  different  distributions  of  pi 
across  the  array.  We  study  the  simplest  case  of  a 
single  optical  "impurity",  where  all  pi  are  identical 
except  for  the  impurity  site,  for  which 
Pimp  =  Pi ^  well  as  random  disorder 
distributions.  The  array  supermodes  are  evaluated  by 
finding  the  eigenvectors  and  eigenvalues  of  the 
coupling  matrix  M  of  size  QxO  {Q  being  the  total 
number  of  lasers),  with  diagonal  elements  /3/  and 
off-diagonal  elements  xyy  [5,  6]. 

The  photon  localization  effects  are  studied  by 
investigating  the  near  field  patterns  as  well  as  the 
localization  length  associated  with  the  decay  of 
the  supermode  envelope  due  to  the  disorder.  For  the 
case  of  a  single  impurity,  this  length  is  defined  by  the 
distance  from  the  impurity  position  (measured  in 
lattice  constants),  for  which  this  envelope  drops  by  a 
factor  of  1/e: 

E-  ~  e 

^imp  ^ 

Another  useful  measure  of  the  degree  of  localization 
is  the  tar-field  distribution,  which  is  proportional  to 
the  Fourier-transform  of  the  supermode  near-field 
distribution.  In  particular,  we  use  the  full  width  at 
half  maximum  (FWHM)  of  the  far-field  lobes  as  a 
representative  parameter  of  the  localized  mode. 

Results 

The  near-field  intensity  distributions  of  the 
fundamental  supermode  in  several  (Mx25)  arrays 
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containing  a  single  optical  impurity  are  shown  in  Fig. 
la.  The  position  of  the  impurity  is  indicated  by  the 
arrow.  This  system  describes,  e.g.,  an  inadvertent 
defect  in  an  otherwise  perfectly  uniform  VCSEL 
array.  Starting  from  a  ID-system  (M=l),  we  observe 
a  strongly  localized  mode  near  the  impurity  site.  On 
adding  rows,  the  supermode  gradually  delocalizes 
and  becomes  nearly  completely  delocalized  for  the 
2D  (25x25)  array  case.  This  decreasing  degree  of 
localization  results  from  the  larger  effective  coupling 
among  elements  due  to  the  availability  of  more 
coupling  routes  in  a  2D  system.  However,  the 
localization  effect  is  strongly  position  dependent,  as 
shown  by  the  near-fields  for  the  two  different 
impurity  sites  in  figure  la,b  (8x25).  The  boundary 
conditions  result  in  a  smaller  impact  of  an  impurity 
located  near  the  array  edge. 

ir _ _ 


Figure  la:  Near  field  intensit}'  plots  of  lx,  2x,  4x,  8x, 
25x25  arrays  with  impiirit}'  Af  =  2k  at 
position  (1,  7),  marked  with  an  arrow. 

Similar  simulations  of  the  near-field  localization 
for  the  different  supennodes  in  the  presence  of  array 
disorder  show  that  the  modes  localize  at  different 
parts  of  the  array,  depending  on  their  propagation 
constants;  the  supermodes  with  the  higher 


propagation  constants  localize  at  areas  characterized 
by  larger  (local)  values  of  the  effective  index. 


Figure  lb:  Same  for  8x25,  impurity^  position  (4, 7). 

The  localization  lengths  for  the  fundamental 
supermode  for  Mx25  arrays  with  single  impurities  are 
plotted  in  Fig.  2  as  a  function  of  the  number  of  array 
rows  M.  The  impurity  site  is  kept  at  the  center  of  the 
array,  and  three  cases  with  increasing  effective 
perturbation  Aft  =  2k,  3k,  and  4/c  are  considered. 
The  localization  length,  always  measured  in  the  long 
dimension  of  the  array,  increases  as  the  number  of 
rows  M  increases,  and  eventually  reaches 
asymptotically  the  2D  value.  It  decreases  on 
increasing  Ap,  reaching  earlier  the  2D  value  due  to 
the  smaller  influence  of  the  boundaries. 


Figure  2:  Localization  lengths  for  impurity 
positions  (M/2,  13)  or  ((M+l)/2,  13) 
versus  number  of  rows  in  Mx25  laser 
arrays.  Ap^  2k,  3k,  4k  . 

The  superinode  localization  manifests  itself  in 
the  broadening  of  the  lobes  of  the  far-field  patterns, 
as  shown  in  Fig.  3.  In  this  case,  we  consider  the 
highest-order  supermode  of  the  structures  of  Fig.  1 
(single  impurity  case).  These  supermodes  are 
characterized  by  out-of-phase  nearest  neighbors  and 
hence  exhibit  the  typical  double-  or  four-lobed  far- 
field  patterns.  The  FWHM  of  each  lobe  decreases 
from  1.1  deg  to  0.2  deg  as  the  dimensionality  is 
increased  from  one  to  two.  A  dramatic  narrowing  of 
the  far-fields  of  similar  array  structures  has  also  been 
observed  experimentally  [5,  see  discussion]. 
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Figure  3:  Calculated  far  fields  of  f  2,  8,  25x25  of 
the  arrays  in  fgure  I  a,  highest  order 
mode  (\vavelength-980nm,  pitch  =5 /urn). 
The  arrows  indicate  11°. 


Although  the  case  of  a  single  optical  impurity 
serves  to  illustrate  the  basic  features  of  the 
localization,  in  practical  structures  the  disorder  is 
distributed  randomly  throughout  the  array  due  to 
inad\xrtent  wafer  and  lithography  defects.  We 
calculated  the  FWHM  for  such  a  randomly 
disordered  amay,  with  <  Af  <  . 

Figure  4  shows  the  FWHM  of  the  far-tleld  of  the 
fundamental  supermode,  averaged  o\er  a  large 
number  of  random  disorder  distributions  with  the 
same  .  as  a  function  of  the  disorder  parameter 

for  se\  eral  Mx25  array  structures. 


^P/nax 


Figure  4:  Width  of  the  far  field  lobes  in  1x25,  2x25, 
4x25  and  25x25  (from  top  to  bottom) 
arrays  versus  disorder,  calculated  along 
the  long  dimension  of  the  array. 

The  FWHM  increases  with  increasing  disorder  as 
the  near-field  becomes  more  localized.  However,  the 


far-field  broadening  decreases  as  the  number  of  rows 
increases.  The  FWHM  for  the  4x25  arrays  is 
practically  indistinguishable  from  that  of  the  square 
array  (for  the  strong  disorder  regime),  in  agreement 
with  the  saturation  in  shown  in  Fig.  2  for  >4 
rows  and  Afi  =  4/c.  For  practical  considerations,  this 
means  that  the  coupling  among  the  array  elements 
should  be  as  strong  as  possible  to  avoid  having  any 
influences  of  inad\^enert  fluctuations. 

Since  the  above  results  clearly  demonstrate  a 
reduced  degree  of  localization  for  2D  structures  as 
compared  with  ID  ones,  it  is  natural  to  expect  that 
structures  with  intermediate  dimensionality  will 
exhibit  an  "intermediate  behavior".  The  transition 
betw'een  the  case  of  ID  and  2D  can  be  illustrated  by 
adding  rows  to  a  ID  case,  as  discussed  above.  In  that 
case,  how^ever,  the  boundaries  play  an  important  role. 
An  intermediate  dimensionality  structure  free  of  such 
outer  boundary  effects  is  a  fractal  array,  such  as  the 
Sieipinski  carpet  shown  in  Fig.  5. 


Figure  5:  Regular  Sierpinski  carpet  of  depth  6, 
b~3,  n~L  The  white  areas  are  the  laser 
po.sitions  (Haiissdorff  dimension  is  1.89). 

In  this  stRicture,  bxb  blocks  form  the  substmeture 
of  the  fractal,  from  which  n  units  are  removed,  which 
coiTesponds  to  a  Haussdorff-dimensionality 

_  In^-  -4 

In/? 

The  near-field  distribution  of  the  fundamental 
supemiode  in  the  fractal  array  of  Fig.  5,  in  which  a 
single  impurity  is  introduced  in  an  otherwise  uniform 
index  distribution,  is  shown  in  Fig.  6.  Localization  of 
the  mode  around  the  impurity  site  is  observ  ed  in  this 
fractal  case  as  well,  however,  the  details  of  the 
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localized  mode  pattern  depend  on  the  fractal 
structure  and  the  position  of  the  impurity  within  the 
fractal  array,  which  lacks  translational  symmetry. 


Figure  5:  Near  field  intensity  distribution  of  a 
homogeneous  fractal  with  one  impurity 
at  position  (9,13),  marked  with  an  arrow. 
The  Haussdorff-dimension  is  1.89 


The  direct  relation  between  the  degree  of 
localization  and  the  dimensionality  is  demonstrated 
in  Fig.  7,  which  shows  the  FWHM  as  a  function  of 
the  single  impurity  A/3,  for  ID  and  2D  square  arrays 
(27x27  elements)  as  well  as  for  fractal  arrays  with 
intermediate  dimensionalities  D^-X.ll  and 
Z)^-1.89. 


Figure  7:  Comparison  of  far  field  widths  of  arrays 
with  different  dimensionalities.  From  top 
to  bottom:  D^^l,  1.77,  1.89,  2 

For  weakly  localized  modes  the  localization  in  the 
fractal  structures  strongly  depends  on  the  impurity 
position,  but  for  a  stronger  perturbation  a  clear 
increase  in  the  FWHM  with  decreasing 
dimensionality  is  observed. 


Discussion 

The  degree  of  supermode  localization  discussed 
above  is  reflected  in  the  broadening  of  the 
corresponding  supermode  far-field  patterns.  As 
already  experimentally  observed  in  [4],  the  far- field 
of  a  ID  VCSEL  array  structure  is  indeed 
significantly  broader  than  that  of  a  2D  array. 
However,  our  model  accounts  only  for  part  of  this 
broadening  mechanism.  The  disorder  in  the  array 
induces  localization  of  the  different  supermodes  in 
different  parts  of  the  disordered  array.  Gain 
saturation  then  results  in  simultaneous  oscillation  of 
several  supermodes,  which  are  mutually  incoherent. 
The  far-field  pattern  corresponds  to  a  superposition 
of  those  of  the  individual  supermodes,  which  yields  a 
larger  broadening  than  that  predicted  by  the 
broadening  in  each  supermode  far-field  due  to  the 
localization  effects.  In  fact,  the  disorder-induced 
localization  gives  rise  to  both  the  direct  and  the  gain- 
saturation  induced  broadening  mechanisms. 

Conclusion 

In  summary,  we  investigated  the  effect  of 
dimensionality  on  photon  localization  in  VCSEL 
array  structures  using  coupled-mode  models.  We 
used  near  field  patterns,  localization  lengths  and  far- 
field  distributions  to  characterize  the  localization 
effects  in  lumped  and  distributed  disordering  cases. 
We  showed  that  the  degree  of  photon  localization  is 
directly  related  to  the  dimensionality  of  the  structure, 
with  lower-dimensionality  structures  showing 
stronger  localization.  The  impact  of  these 
localization  effects  on  the  coherence  properties  of 
phase-locked  VCSEL  arrays  was  also  discussed. 
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The  manufacture  of  vertical-cavity  surface-emitting  semiconductor  lasers  (VCSELs) 
lasing  around  1550  fmi.  where  the  silica  optical  fibers  exhibit  a  minimum  in  the  optical 
losses,  is  under  active  research  [1].  VCSELs  operating  at  that  wavelength  are  expected  to 
offer  a  good  performance  as  optical  emitters  in  optical  communication  systems  working  at 
Gbit/s  rates.  Several  advantages  become  evident.  Because  of  their  cylindrical  geometry, 
good  matching  with  standard  monomode  optical  fibers  has  been  demonstrated,  with  power 
losses  lower  than  10%.  The  surface  emission  characteristics  of  VCSELs  allow  integrability 
in  two-dimensional  laser  arrays.  Investigations  of  the  performance  of  VCSELs  under  current 
modulation  or  gain-switching  operation  are  important  to  characterize  possible  improvements 
with  respect  to  the  widely  used  edge-emitting  lasers  (EELs).  One  of  the  drawbacks  of  EELs 
is  the  natural  tendency  to  lase  in  several  longitudinal  modes  under  large  signal  modulation, 
even  when  the  side  mode  suppression  ratio  (SMSR)  during  steady-state  operation  is  large 
[2].  .Vlthough  transient  multimode  operation  can  be  efficiently  suppressed  by  using  DFB 
structures,  any  damage  in  the  AR-coatings  on  the  laser  facets  can  trigger  the  appearance  of 
side  modes. 

Due  to  their  short  cavity  length  VCSELs  are  expected  to  oscillate  in  a  single  longi¬ 
tudinal  mode.  Typical  diameters  of  the  active  region,  however,  permit  the  appearance  of 
several  transverse  modes.  During  steady-state  operation,  the  dominant  mode  depends  on 
the  injection  current  density  and  the  geometry  of  the  contact.  For  a  disc  geometry  contact, 
the  gain  is  in  principle  higher  for  the  lowest  order  mode  (TPoi  )r  with  circular  symmetry  and 
a  single  lobe.  At  large  injection  currents,  however,  side  modes  appear  because  of  spatial 
holeburning  and  carrier  diffusion  [3,  4].  Two  modes  can  coexist  with  a  significant  output 
pov/er  only  when  their  spatial  overlapping  is  small.  In  this  work,  the  multimode  dynamics 
during  the  laser  turn-on  following  the  laser  gain-switching  is  investigated.  A  detailed  de¬ 
scription  of  the  model  can  be  found  in  [4].  The  carrier  density  is  considered  to  depend  both 
on  time  and  space,  while  the  mode  amplitudes  change  only  with  time.  The  change  in  device 
behavior  due  to  variation  in  the  radius  of  the  injection  current  disc  is  considered.  Only  the 
two  lowest  order  modes,  LPq\  and  LPn,  are  expected  to  have  a  significant  modal  gain  in 
the  described  geometry. 

The  simulation  of  the  complete  model  in  [4]  requires  long  computational  time,  which 
can  be  significantly  reduced  by  expanding  the  carrier  number  in  a  series  of  Bessel  functions. 
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Figure  1:  Modal  powers  in  steady-state  operation 

as  described  in  [5].  The  resulting  simplified  model  allows  the  calculation  of  threshold  gains, 
output  powers  during  steady-state  operation  and  fully  incorporates  the  effect  of  spatial  hole¬ 
burning  and  carrier  diffusion  as  weU.  Additionally,  the  numerical  simulations  require  less 
computational  time,  an  important  feature  when  a  huge  number  of  turn-on  events  is  involved. 
In  figure  1  the  modal  powers  during  steady-state  operation  are  plotted  with  a  current  density 
of  20  A/m^,  for  several  contact  radii.  Emission  is  single  mode  up  to  a  radius  of  2.1  /rm, 
approximately.  If  the  contact  radius  is  increased  beyond  this  value,  the  side  mode  appears 
due  to  spatial  holeburning  at  high  output  powers.  We  are  interested  in  the  gain-switched 
operation,  so  that  the  current  density  is  suddenly  changed  from  4  A/m^  (0.7  times  threshold) 
to  20  A/m^  (3.5  times  threshold).  The  contact  radius  is  set  at  2.3  /xm,  where  the  SMSR 
during  steady-state  operation  is  very  low.  The  carrier  density  profiles  before  and  after  the 
gain-switching  are  shown  in  figure  2,  where  holeburning  effects  become  evident.  A  typical 
time  trace  of  the  modal  powers  after  the  laser  switch-on  is  shown  in  figure  3.  Laser  emission 
is  monomode  up  to  the  third  power  overshoot,  when  the  side  mode  appears.  The  modal 
gain  of  the  LPoi  always  reach  the  threshold  value  before  the  LP\\  mode,  so  that  the  proba¬ 
bility  of  turn-on,  triggered  by  random  spontaneous  emission  events,  is  considerably  higher. 
Only  during  rare  late  turn-on  events,  lying  in  the  long  time  tail  of  the  probability  density 
function  (PDF)  of  turn-on  times,  can  the  side  mode  lase  before  the  main  mode.  10'*  turn-on 
events  were  simulated  and  the  side  mode  power  was  recorded  when  the  total  power  reached 
a  reference  value  (0.1  mW).  The  histogram  is  plotted  in  figure  4. 

In  optical  communication  systems,  the  appearance  of  a  side  mode  with  a  significant 
power  during  the  detection  process  can  lead  to  an  error.  An  error  is  considered  when  the  side 
mode  power  is  higher  than  that  of  the  main  mode.  According  to  the  obtained  results,  the 
VCSEL  exhibits  single  mode  operation  during  pulsed  operation,  in  spite  of  their  multimode 
operation  during  steady-state  operation.  This  is  a  consequence  of  spatial  holeburning  and 
carrier  diffusion  effects,  which  only  appear  when  a  significant  output  power  is  being  emitted 
by  the  laser.  The  reported  results  predict  a  good  performance  of  VCSELs  as  emitters  in 
high  speed  optical  communication  systems,  with  a  low  bit  error  rate. 
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Figure  2:  Carrier  profiles  before  and  after  the  laser  switch-on 
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Figure  3:  Modal  powers  after  the  laser  switch-on. 
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Figure  4:  Side  mode  power  probability  at  the  threshold  time 
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Introduction 

The  recent  rapid  advances  in  performance  of  vertical  cavity  surface  emitting  lasers 
(VCSELs)  have  permitted  consideration  to  be  given  to  novel  applications  of  such 
devices  in,  for  example,  optical  data  links  and  two-dimensional  optical  switching.  In 
such  applications  consideration  must  be  given  to  the  effects  of  optical  feedback  on 
device  operating  characteristics.The  transverse  mode  structure  of  stand-alone 
VCSELs  has  been  studied  quite  extensively  but  modifications  of  that  mode  structure 
due  to  optical  feedback  have  received  rather  less  attention.This  contribution  reports  a 
theoretical  study  which  has  been  performed  of  the  multimode  dynamics  and  steady 
state  transverse  mode  selection  in  Vertical  Cavity  Surface  Emitting  Lasers  (VCSELs) 
subject  to  weak  optica!  feedback  in  an  external  cavity  configuration.  Attention  is 
focussed  on  the  competition  between  the  two  lowest  order  modes  (  LPqi  and  LPjj) 

appropriate  to  the  chosen  circularly  symmetric  VCSEL  structure.  It  is  shown  that 
preferential  excitation  of  either  mode  can  be  effected  by  appropriate  choice  of  optical 
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feedback  delay.  Opportunities  for  enhancing  modal  discrimination  by  adjusting  the 
strength  of  optical  feedback  are  also  presented. 

Model 

The  model  utilised  in  the  work  reported  here  incorporates  both  spatial  depedence  of 
carrier  and  optical  field  profiles  and  time  delay  effects  associated  with  weak  optical 
feedback.  In  the  former  respect  the  model  is  seen  as  an  extension  of  earlier  work  on 
VCSEL  transverse  mode  dynamics  [1-3]  whilst  the  incorporation  of  optical  feedback 
using  the  Lang-Kobayashi  equations  makes  contact  with  complementary  work  on  edge 
emitting  lasers  [4-6  ]. 

Results 

Simulations  have  been  performed  of  the  dynamical  evolution  of  the  transverse  mode 
structure  in  disc-geometry  external  cavity  VCSELs.  Depending  upon  the  phase  of  the 
returned  light  with  respect  to  that  emitted  from  the  laser  the  effect  of  the  optical 
feedback  can  be  either  to  increase  or  decrease  the  laser  threshold  [see  eg  ,  4].  For  this 
structure  the  Ifequency  detuning  between  transverse  modes  is  about  240  Ghz  and  it  is 
found  that  the  modes  can  be  enhanced  or  suppressed  essentially  in  unison  for  small 
external  cavity  round  trip  times, x  , whilst  for  larger  values  it  is  possible  to  enhance  one 
mode  and  suppress  the  other  as  is  illustrated  in  Figure  Lit  can  be  seen  that  selection  of 
either  mode  can  be  effected  by  appropriate  choice  of  external  cavity  round  trip  time. 
For  selection  of  single  mode  emission  in  the  LPqi  mode,  with  a  central  lobe,  it  is 

found  that  some  x  allow  a  broader  range  of  injection  currents  than  for  the  solitary 
VCSEL,  before  the  LP]  \  mode  starts  lasing. 
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The  second  principal  parameter  which  characterises  the  behaviour  of  external  cavity 
lasers  is  the  strength  of  the  optical  feedback.Results  here  are  obtained  for  a  fixed 
external  cavity  length  corresponding  to  a  roundtrip  time  of  2  ps.  Figure  2  shows  the 
threshold  currents  for  the  two  modes  involved  at  different  feedback  strengths,  when 
the  LPqi  mode  is  enhanced  by  selecting  a  suitable  externa!  roundtrip  time.  A  reduction 

in  the  threshold  current  of  the  LPq]  mode  becomes  evident  at  around  Kj=0.03  ps“^, 
while  the  threshold  current  of  the  LP||  mode  increases  continuously  for  lower  values 

of  the  feedback  strength.Further  results  will  be  presented  which  indicate  the  range  of 
maximum  and  minimum  value  of  the  threshold  current  which  can  be  obtained  for  the 
respective  modes.  In  particular  it  is  found  that  a  decrease  of  the  threshold  current  for 
the  LPqi  mode  is  only  possible  at  rather  strong  feedback  levels. 
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1)  Introduction 

Vertical  cavity  surface  emitting  lasers  (VCSEL's)  are  very  promising  devices  for 
parallel  optical  data  links.  Their  main  qualities  are  wafer  scale  testability,  inherent 
single  longitudinal  mode  operation,  low  threshold  current,  low  beam  divergence  and 
their  easy  integration  in  two-dimensional  arrays.  Due  to  their  intrinsic  symmetry  and 
quite  large  emission  area  problems  arise  however  concerning  the  transverse  mode 
stability.  Unless  specific  measures  are  taken  to  prevent  this  higher  order  transverse 
modes  start  lasing  already  slightly  above  threshold  thereby  deteriorating  the  beam 
properties  (e.g.  divergence)  and  increasing  the  noise.  It  is  obvious  that  this  behaviour  is 
unwanted.  One  way  of  solving  this  problem  is  by  introducing  mode  selective  scattering 
or  loss  in  the  cavity  [1, 2,3,4].  It  is  therefore  important  to  be  able  to  model  the  threshold 
gain  of  the  different  transverse  modes  in  such  cavities.  In  this  paper  we  present  an 
accurate  vectorial  model  capable  of  predicting  threshold  gain  and  illustrate  is  with  a  few 
examples. 

2)  Theory 


Fig. la  shows  a  very  general  VCSEL  geometry.  It  is  a  layered  structure  that  is 
epitaxially  grown  on  a  semiconductor  substrate  and  that  has  a  circular  symmetry.  The 
bottom  mirror  and  the  active  layer  have  an  infinite  lateral  extent  while  the  top  mirror 
has  a  finite  radius  thus  allowing  for  top  emission  and  easy  carrier  injection  by  means  of 
a  ring  contact.  In  this  geometry  light  diffracts  in  two  different  ways.  First  there  is  the 
spreading  of  a  beam  of  finite  radius  in  the  bottom  mirror  whereby  the  reflectivity  of  the 
bottom  mirror  is  reduced  as  compared  to  plane  wave  incidence.  Second  there  is  the 
scattering  effect  that  occurs  at  the  interface  between  two  layers  in  case  the  radial 
refractive  index  profile  of  both  layers  is  different.  Our  model  describes  both  effects  and 
is  based  on  a  vectorial  solution  of  Maxwell's  equations  for  the  cavity  eigenmodes  of  the 
complete  three-dimensional  structure  consisting  of  the  top  mirror  stack,  the  bottom 
mirror  stack  and  the  active  region  (i.e.  the  quantum  well  and  its  cladding  layers). 

Only  a  very  concise  description  of  the  model  will  be  given  here.  For  further 
details  we  refer  to  [5].  We  use  a  modal  expansion  of  the  field  in  each  layer  of  the 
structure.  By  imposing  the  boundary  conditions  at  each  interface  we  obtain  the 
reflection  and  transmission  properties  of  all  interfaces  in  the  structure.  From  these  we 
then  obtain  the  reflection  and  transmission  properties  of  a  stack  of  layers  via  a  recursion 
procedure.  Since  we  use  a  modal  expansion  to  describe  the  field  the  reflection  and 
transmission  properties  of  a  stack  of  layers  are  expressed  as  NxN  matrices  describing 
the  coupling  of  all  modes  in  the  layer  below  the  stack  to  themselves  (reflection)  and  to 
the  modes  of  the  layer  above  the  stack  (transmission).  N  is  the  number  of  modes  used  in 
the  expansion  of  the  fields.  If  we  repeat  this  procedure  for  the  top  mirror  stack,  the 
bottom  mirror  stack  and  the  active  region  we  obtain  the  following  relations  : 
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in  which  AY™  stand  for  the  upward  and  downward  propagating  waves 

in  both  cladding  layers  and  T,,  T2,  T^,  stand  for  NxN  matrices  relating  the  N 
upward  and  N  downward  travelling  waves  in  both  cladding  layers.  All  phase  rotations 
due  to  propagation  through  the  quantum  well  as  well  as  through  both  cladding  layers 
are  contained  in  these  four  matrices  as  well  as  reflections  at  the  interfaces  between  the 
quantum  well  and  the  cladding  layers.  (2)  and  (3)  express  the  mirror  reflections.  From 
these  relations  it  is  easily  deduced  that  when  looking  for  the  cavity  eigenmodes  we  have 
to  solve  the  eigenvalue  problem  for  the  following  cavity  roundtrip  matrix  : 

Rtop{h  +  TARbot){Tx  +  T2Rtoty^  (4) 

When  the  phase  of  the  eigenvalue  y  is  a  multiple  of  27i:  a  cavity  eigenmode  is  found.  For 
the  cold  cavity  the  amplitude  of  y  will  be  smaller  than  1 .  Only  when  we  provide  gain  in 
the  quantum  well  can  the  amplitude  of  y  be  equal  to  1.  This  expresses  the  threshold 
condition  in  this  very  general  cavity.  The  amplitude  of  y  takes  into  account  all  losses  ; 
absorption  in  the  cavity  and  mirrors,  diffraction  loss  and  mirror  transmission  loss. 
Therefore  the  modal  threshold  gain  can  be  approximately  written  as  gth=-lnl')l/(2Lqw), 
with  Lqw  the  quantum  well  thickness  and  the  factor  of  2  in  the  denominator  assuming 
that  the  quantum  well  is  at  the  antinode  of  the  cavity  standing  wave  pattern. 

An  approximate  way  that  is  very  often  used  to  estimate  the  threshold  modal  gain 
is  to  obtain  approximate  values  for  the  mirror  power  reflectivities  R]  and  R2  and  to  use 
the  formula  gth=-ln(/?;./?2)/(4Lqw)-  The  mirror  power  reflectivities  are  often  estimated 
by  calculating  the  power  reflectivity  for  a  waveguide  mode  when  hitting  a  laterally 
infinite  Bragg  mirror  [5,6]. 


3)  Numerical  examples 


In  this  section  we  present  two  examples  to  illustrate  the  strength  and  versatility 
of  the  above  outlined  method.  The  first  example  deals  with  the  structure  depicted  in 
fig.  la.  We  will  present  results  concerning  the  threshold  modal  gain  using  both  the 
approximate  and  the  exact  theory.  The  second  example  deals  with  the  structure  of 
fig.  lb. 

Fig.  la  shows  a  VCSEL  structure  that  has  a  bottom  mirror  of  radius  p2  and  a  top 
mirror  of  radius  p  1 .  Such  a  structure  has  the  advantage  that  both  electrical  contacts  are 
on  the  sane  side  of  the  substrate.  Both  are  DBR-mirrors  made  from  alternating  layers  of 
AlAs  (index  of  refraction  2.9)  and  GaAs  (index  of  refraction  3.5).  The  operating 
wavelength  is  taken  to  be  980nm  and  the  thickness  of  the  quantum  well  is  5nm.  This 
structure  is  modeled  with  both  the  fully  rigorous  model  and  with  the  approximate  model 
that  was  mentioned  at  the  end  of  section  2.  In  the  approximate  model  we  consider  a 
circular  waveguide  of  the  same  radius  as  the  top  mirror  (2pm)  and  assume  that  its 
fundamental  mode  is  a  good  approximation  to  the  actual  lowest  order  lasing  mode.  The 
top  mirror  has  20  periods  while  the  bottom  mirror  has  30  periods  and  its  radius  is  varied 
between  that  of  the  2pm  and  8pm.  When  using  the  rigorous  model  we  first  look  for  the 
appropriate  cavity  thickness  for  having  a  resonance  at  7.=980nm.  Having  found  the 
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thickness  of  the  cavity  we  look  for  the  mode  with  the  lowest  threshold  gain  and 
consider  that  to  be  the  lowest  order  lasing  mode.  Fig. 2a  shows  the  threshold  modal  gain 
of  the  lowest  order  lasing  mode  according  to  both  models.  We  notice  that  for  a  radius  of 
the  bottom  mirror  that  is  comparable  to  that  of  the  top  mirror  both  models  agree  very 
well.  Once  the  bottom  mirror  becomes  too  large  in  the  lateral  direction  the  results  of 
both  models  diverge.  Apparently  the  lasing  mode  is  not  well  modeled  anymore  by  the 
fundamental  waveguide  mode  but  is  made  up  from  a  superposition  of  several  modes  in 
order  to  adjust  itself  as  well  as  possible  to  the  large  difference  in  radius  between  both 
mirrors. 

Next  we  present  results  that  can  only  be  obtained  with  the  full  model.  The  idea 
to  provide  for  transverse  mode  selection  by  using  an  optical  window  on  top  of  the 
cavity  [1]  is  extended  by  distributing  the  optical  window  over  the  top  mirror.  Fig. lb 
shows  two  possible  VCSEL-structures  that  consist  of  a  laterally  infinite  lower  mirror,  a 
laterally  infinite  active  region  and  a  top  mirror  with  a  radius  of  3(J.m.  The  bottom  mirror 
is  a  30  period  GaAs/AlAs  DBR  stack  and  the  top  mirror  is  a  20  period  GaAs/AlAs  stack 
(n2=n 3=2.9).  This  structure  is  the  structure  without  AlAs-oxidation.  The  structure  with 
partial  AlAs-oxidation  in  the  top  mirror  has  n 2=2.9  and  n 3=  1.55  and  the  oxidised  region 
is  Ifim  deep.  In  this  last  structure  the  bottom  mirror  is  unaffected.  The  partial  oxidation 
of  the  AlAs  in  the  top  mirror  provides  for  an  additional  lateral  step  in  refractive  index  in 
these  layers  that  should  affect  higher  order  modes  more  severely  than  the  lowest  order 
mode.  This  provides  for  mode  selective  diffraction.  For  both  structures  the  thickness  of 
the  GaAs  layers  is  70nm  while  the  AlAs  layers  are  84.483nm  thick  whether  partial 
oxidation  has  occurred  or  not.  The  thickness  of  the  active  region  (quantum  well  and 
both  cladding  layers)  is  281nm  (X-cavity)  with  a  5nm  thick  quantum  well.  This  way  the 
structures  are  meant  to  operate  at  X=980nm.  For  both  structures  a  wavelength  scan  was 
performed  between  970nm  and  990nm  to  determine  the  cavity  resonances  and  the 
cavity  losses  of  the  resonances  using  the  rigorous  model  described  in  section  2.  From 
the  cavity  losses  suffered  by  each  resonance  the  threshold  modal  gain  for  that  resonance 
was  calculated  as  described  in  section  2.  Fig. 2b  shows  a  threshold  gain  versus 
wavelength  plot  for  the  lowest  order  cavity  resonances  of  both  the  structure  with  and 
without  partial  oxidation  in  the  top  mirror.  We  see  from  fig. 2b  that  for  both  structures 
the  actual  operating  wavelength  will  be  slightly  smaller  than  980nm  :  without  oxidation 
the  lowest  threshold  gain  is  for  X=979. 14nm  and  with  oxidation  for  X=977.02nm.  The 
threshold  gain  for  the  lowest  order  mode  in  the  structure  with  oxidation  (1 164.72  cm’l ) 
is  about  2  times  smaller  than  in  the  structure  without  oxidation  (2044.39  cm'l).  In  the 
laser  with  partial  oxidation  the  threshold  gain  difference  between  the  lowest  order  mode 
and  the  next  higher  order  mode  is  about  4  times  larger  than  in  the  laser  without 
oxidation.  It  should  be  clear  that  the  oxidation  process  induces  significant  changes  in 
the  behaviour  of  the  cavity  modes. 

4)  Conclusloe 

In  this  paper  we  presented  an  accurate  cavity  model  for  VCSEL's  based  on  a 
vectorial  solution  of  Maxwell's  equations.  With  this  model  we  can  calculate  the 
threshold  model  gain  of  the  lowest  order  and  higher  order  cavity  modes.  Two  structures 
were  studied  with  this  model.  In  a  first  example  the  exact  results  were  compared  to 
results  from  an  approximate  model  showing  the  region  of  breakdown  of  the 
approximate  model.  In  a  second  example  a  structure  with  partial  AlAs  oxidation  was 
compared  to  one  without  oxidation  showing  the  profound  change  in  the  modal  gain  for 
the  different  transverse  modes  due  to  the  oxidation  process. 
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Fig.l 


Fig.  lb 

Two  VCSEL-structures.  Fig.  la  shows  a  structure  with  two  mirrors  of  finite 
radius,  while  fig.  lb  has  a  bottom  mirror  of  infinite  radius  and  a  top  mirror  that 
is  partially  oxidised. 
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Fig.  2  :  Threshold  modal  gain  for  the  lowest  order  lasing  mode  of  the  structures  shown 
in  fig.l.  Fig.2a  compares  an  approximate  and  a  rigorous  modeling  of  the 
structure  of  fig.  la  while  fig.2b  shows  the  behaviour  of  the  structure  from  fig.  lb 
with  and  without  partial  oxidation. 
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The  Vertical  Cavity  Surface  Emitting  Lasers  (VCSEL)  have  certain  important  advantages  over  the 
edge  emitting  lasers  [1]  and  were  a  subject  of  extended  research  activities  recently. 

This  paper  describes  a  numerical  analysis  model  for  VCSEL  diodes  based  on  the  Method  of  Lines 
[2]  with  high  degree  of  accuracy.  The  characteristics  of  the  model  are: 


o  ail  calculations  are  done  in  cylindrical  coordinates 
o  for  the  optical  modelling 

-  a  solution  of  the  vectorial  wave  equation  is  performed 

-  a  bidirectional  solution  is  used 

“  multircflections  are  incorporated 

-  all  guided  modes  and  radiating  modes  are  considered 

®  the  current  density  in  the  wliole  structure  is  computed  with  respect  to  the  different  materials 
and  different  temperatures 

9  the  temperature  profile  resulting  from  the  optical  and  electrical  losses  is  modelled 
®  in  the  active  layer  the  rate  equation  with  the  coupling  to  the  optical  model  is  solved 


a  coupling  of  optical,  electrical  and  thermal  effects  is  incorporated 


For  accurate  modelling  of  the  different  effects  in  the 
laser  structure  three  coupled  submodels  are  used 
<9  the  optical  submodel 

®  the  electronic  submodel 
®  the  thermal  submodel 

All  submodels  analyze  the  structure  by  splitting  it 
into  a  number  of  homogenous  layers  in  ^-direction. 
In  each  layer  the  parameters  may  be  different  and 
dependent  on  the  radius. 

The  whole  analysis  model  with  the  coupling  of  the 
submodels  is  sketched  in  Fig.  1. 

At  first  the  electronic  submodel  calculates  the  cur¬ 
rent  density  in  the  whole  structure.  Each  layer  is  the¬ 
reby  represented  by  an  electrical  conductivity  which 
is  a  function  of  the  radius  and  the  temperature. 

In  the  active  region  the  rate  equation  is  solved  under 
consideration  with  the  electrical  part  of  the  optical 
held.  The  algorithm  to  solve  this  equation  is  descri¬ 
bed  later.  From  the  rate  equation  we  get  the  carrier 
density  which  produces  an  optical  gain  that  leads  to 
a  new  complex  refractive  index.  The  gain  is  not  only 
a  function  of  the  carrier  density,  a  function  of  the 
temperature  is  implemented  and  can  be  extended  to 
other  parameters. 

For  the  new  refractive  index  distribution  the  opti¬ 
cal  model  yields  the  resonator  wavelength  and  the 
optical  held. 


Figure  1:  Flow  chart  of  the  whole 
analysis  model 


The  optical  and  electrical  losses  are  the  input  of  the  thermal  model  which  calculates  the  tempe¬ 
rature  prohle  in  the  structure.  As  in  the  electronic  model  each  layer  is  described  by  a  thermal 
conductivity  which  is  a  function  of  the  radius  and  temperature. 
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The  new  temperature  distribution  changes  the  parameters  of  the  other  submodels  and  a  new 
iteration  step  has  to  be  performed.  Iterations  must  be  done  until  a  selfconsistent  solution  is 
obtained. 


The  optical  resonator 

As  written  above  the  structure  is  splitted  in  ^-direction  in  a  number  of  layers  in  which  the  refractive 
index  is  independent  of  In  each  layer  we  can  compute  the  analytical  solution  of  the  wave  equation 
as  shown  in  [3].  With  this  solution  we  can  transform  the  tangential  fields  from  one  side  of  a  layer 
to  the  other  side.  This  leads  to  certain  numerical  problems.  A  numerically  stable  algorithm  is  to 
transform  admittances.  We  can  define  a  admittance  matrix  Y  with 

H,  =  YE, 

where  Ht  and  are  the  tangential  field  components.  This  matrix  can  transformed  over  a  layer 
according  to 

Ya  =  -yi  -y2{YB-yi)~^y2  (l) 

Yb  =  yi—y2iYA  +  yi)  ^y2  (2) 

with  ^  \  -1 

Ya  =  admittance  matrix  dit  z  ~  za  Ti  =  TPtanh  {rd)R 

Yb  =  admittance  matrix  at  ^  +  ri  y2  =  sinh  ^(F d)R  ^ 

T,r  and  R  are  known  from  the  analytical  solution  and  are  defined  in  [3]. 

At  the  upper  and  lower  boundary  of  the  structure  we  set  a  wave  in  -\-z  and  — z-direction,  respec- 

tively.  _  _  ^  - 

upper  boundary  —  e  A  — >  Y^o  ~ 

lower  boundary  (—z):  4^/  =  =>  Yo  =  TFT  ^ 

Now  Y^,o  is  transformed  over  n  layers  with  eq.  1  and  Y/o  over  m  layers  with  eq.  2  into  a  matching 

plane.  In  this  matching  plane  the  tangential  fields  must  be  continuous  leading  to  the  equation 

{Y^n  ~  Yim)Et  ^  0 


which  has  a  nontrivial  solution  if  and  only  if 

det(Y,n- Y„,)  =  0  (3) 

To  find  the  resonator  wavelength  we  have  to  vary  the  wavelength  until  eq.  3  is  fulfilled. 


The  active  region 


In  the  active  region  the  carrier  density  must  fulfil  the  rate  equation 


D-y 


_y.  +  A  +  bn-  +  CN^  +  gb\E\'^ 

Qcl  T^r 


(4) 


ith 

D 

diffusion  coefficient 

N 

carrier  density 

Tnr 

livetime  of  nonradiative  emission 

J 

current  density 

B 

spontaneous  emission  coefficient 

C 

Auger  coefficient 

9 

\E\- 

optical  gain 

:  square  of  the  magnitude  of  the  electric  field 

b 

normalization  factor 

Discretizing  all  parameters  in  the  rate  equation  the  solution  procedure  is  reduced  to  finding  the 
zeros  of  the  function 


F  =  /i~^DPN  -  {qdy^J  +  -f  BN^  +  CN^  +g6|Ep  =  0  (5) 


where  P  denotes  the  second  derivative  with  respect  to  r  in  cylindrical  coordinates.  The  zeros  of 
eq.  5  can  be  found  very  efficiently  with  the  Newton  algorithm.  It  should  be  noted  that  B,  Tnr,  B  and 
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C  depend  on  the  radius  and  can  additional!}'  be  a  function  of  other  parameters  like  temperature, 
wavelength,  carrier  density,  etc.  So  it  is  easy  to  include  measured  functions  in  the  program  which 
leads  to  a  realistic  modelling. 

For  a  given  current  density  J  in  the  active  region  the  resulting  wavelength  can  be  calculated  with 
the  algorithm  sketched  in  Fig.  2. 

The  rate  equation  is  solved  with  initial  va¬ 
lues  for  the  square  of  the  magnitute  of  the 
electrical  field,  which  is  calculated  to  6-|E|“ 
where  E  is  the  result  of  the  optical  mo¬ 
del.  The  carrier  density  leads  (with  some 
other  parameters)  to  an  optical  gain  which 
produces  a  new  refractive  index  distribu¬ 
tion.  Now  the  resonance  wavelength  with 
this  index  distribution  is  calculated.  The 
following  action  depends  on  the  imaginary 
part  (^)  of  the  wavelength  A: 

5a(A)  =  0  All  losses  are  compensated  with 
the  optical  gain.  The  selfconsistent 
result  is  optained  and  the  iteration 
process  can  be  stopped. 

^(A)  <  0  The  loss  is  higher  than  the  gain. 

We  can  increase  the  gain  by  decre¬ 
asing  b  (which  produces  a  higher  N 
in  the  solution  of  the  rate  equation). 

If  b  is  already  very  small  the  current 
density  is  to  small  for  laser  operation 
and  the  iteration  can  be  stopped. 

Q(A)  >  0  The  gain  is  higher  than  the  loss.  Figure  2:  Flow  chart  for  finding  the  resulting 
We  must  decrease  the  gain  by  incre-  wavelength  by  given  current  density 

asing  b  and  perform  a  new  iteration 
step. 

The  electronic  and  thermal  submodel 

The  algorithms  in  the  electronic  and  thermal  submodel  are  similar  to  each  other  so  they  will  be 
discussed  here  together. 

In  both  models  the  corresponding  equation  in  a  layer  is  solved  and  a  transformation  from  the  top 
and  the  bottom  to  a  matching  plane  is  carried  out.  This  is  rather  similar  to  the  optical  submodel. 


To  calculate  the  temperature  increase  the  heat  To  calculate  the  electrical  potential  distribution 
equation  the  Laplace  equation 


Ac  r  dr 


d^u 

dz-  (7r  r  dr 


d 

rcTcTrd 

or 


with 

Ac  :  thermal  conductivity 

i)  :  temperature  increase 

Q  :  loss  density 

must  be  solved  in  each  layer. 

At  the  interface  of  two  layers  i)  and  Ac  It  must 
be  constant. 


with 

cTc  *  electrical  conductivity 

U  :  electrical  potential 

must  be  solved  in  each  layer. 

At  the  interface  of  two  layers  U  and  cr|~  must 
be  constant. 


In  both  models  the  corresponding  equation  in  a  layer  is  solved  by  disretizing  in  '/'-direction  and 
transforming  to  the  principal  axis.  As  in  the  optical  submodel  we  define  a  kind  of  admittance 
matrix  wdiich  represents  the  relation  between  both  constant  components  and  transform  this  from 
the  top  and  the  bottom  into  a  matching  plane. 
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Unlike  the  optical  submodel  we  don't  need  to  equate  the  determinant  to  zero  because  there  is  no 
unknown  parameter  in  the  admittance  matrix.  Thus  the  resulting  equation  can  be  solved  and  the 
temperature  and  electrical  potential  in  the  whole  structure  can  be  calculated.  The  current  density 
is  then  obtained  from  the  electrical  potential  with 

J^~a(VU) 


Results 

Some  results  illustrating  the  use  of  electrical  and  optical  submodel  are  shown  in  Fig.  3  and  Fig.  4 


Figure  3:  Example  for  the  carrier 
density  in  the  active  region 


Figure  4:  Optical  output  power 
as  function  of  current 


Fig.  3  shows  the  carrier  density  in  the  active  region  obtained  from  the  rate  equation  for  a  current 
density  higher  than  the  threshold  one.  The  spatial  hole  burning  is  clearly  seen. 


In  Fig.  4  the  optical  output  power  over  the  top  mirror  is  plotted  vs.  current  I. 
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Figure  5;  Parameters  of  the  structure 
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Figure  6:  Current  density 


Fig.  6  shows  the  current  density  in  the  structure  sketched  in  Fig.  5.  calculated  from  the  electronic 
submodel. 
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Vertical-cavity  surface-emitting  lasers  (vcsels)  are  presently  the 
subject  of  intense  research  due  to  their  potential  as  compact,  efficient,  astig¬ 
matic  laser  sources  for  a  number  of  important  applications.  Interest  in  these 
devices  has  increased  still  further  due  to  recent  reports  of  record-low 
thresholds^  and  record-high  wall-plug  efficiencies^.  Most  of  the  prevalent  vcsel 
designs  operate  in  multiple  lateral  modes,  however,  limiting  their  usefulness. 
In  general,  little  attention  has  been  paid  to  lateral  mode  discrimination  in 
vcsels,  partly  because  of  the  need  for  addressing  other  more  pressing  issues, 
and  partly  due  to  the  lack  of  a  fundamental  understanding  of  waveguiding  and  the 
physics  of  optical  confinement  in  such  devices.  Here,  we  present  the  first  the¬ 
oretical  treatment  of  waveguiding  in  vcsels  that  properly  includes  the  effects 
of  the  resonant  cavity.  The  resulting  treatment  immediately  suggests  new  designs 
for  leaky-mode  (antiguided)  vcsels  that  should  result  in  devices  operating  in 
the  fundamental  mode  to  powers  much  higher  than  presently  attainable. 

Our  treatment  of  waveguiding  follows  from  an  effective  index  model^ 
based  on  approximate  separation  of  the  relevant  Helmholtz  Equation  in  a  manner 
similar  but  not  identical  to  the  well-known  derivation  for  edge-emitting  lasers. 
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The  treatment  for  vcsels  differs  due  to  the  presence  of  a  short  resonant  cavity, 
resulting  in  an  expression  for  the  effective  index  that  depends  in  an  essential 
way  upon  variations  in  optical  cavity  length.  Although  similar  effects  occur  for 
edge-emitters,  the  much  longer  cavity  length  renders  the  effects  unimportant. 
This  treatment  results  in  the  simple  formula^ 


An  _  ^^0 
n  ~  Xq 


(1) 


in  which  the  relative  variation  in  effective  index  occurring  in  different  parts 
of  the  vcsel  cavity  is  equal  to  the  relative  change  in  Fabry-Perot  resonance 
wavelength  in  these  regions.  This  result  implies  that  regions  of  high  or  low 
effective  index  may  be  designed  into  a  vcsel  merely  by  engineering  changes  in 
optical  cavity  length.  This  view  is  entirely  contrary  to  the  conventional  wisdom 
that  supposes  that  waveguiding  may  only  be  affected  by  the  introduction  of  mate¬ 
rial  of  different  index  along  the  cavity  length.  The  latter  approach  does  of 
course  result  in  effective  index  differences  through  its  influence  on  the  res¬ 
onant  wavelength,  but  requires  much  more  difficult  processing. 

The  concept  embodied  in  Equation  (1)  may  be  better  understood  with  the 
aid  of  a  simple  example  in  which  the  more  complicated  vcsel  cavity  is  idealized 
as  a  simple  cavity  with  discrete  mirrors  as  shown  in  Fig.  1.  Radiation  resonant 
in  the  left-most  region  that  diffracts  into  the  lengthened  region  is  non-reso¬ 
nant  unless  the  wavevector  tilts  at  the  angle  shown  in  the  figure  so  as  to  main¬ 
tain  the  Fabry-Perot  resonance  condition  in  this  region.  But  this  picture  is 
equivalent  to  an  effective  index  picture  in  which  the  index  in  the  lengthened 
region  is  increased  over  that  in  the  left-most  region  by  an  amount  such  that  0 
becomes  the  critical  angle.  This  index  increase  is  found  to  be  identical  to  the 


result  described  in  Equation  (1)  above. 
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The  Above  discussion  reveals  that  index  increases  in  vcsels  may  be 
engineered  by  etching  and  unilateral  regrowth  of  dielectric  material  (Fig.  2), 
with  the  index  step  being  defined  not  by  the  properties  of  the  dielectric,  but 
rather  by  the  depth  of  the  etch.  This  has  profound  implications  for  the  fabri¬ 
cation  of  leaky-mode  vcsels.  The  latter  are  of  interest  because  of  their  pre¬ 
dicted  higher  lateral  mode  discrimination  that  should  result  in  fundamental  mode 
operation  to  higher  powers.  Previous  attempts  to  fabricate  such  devices  by  etch¬ 
ing  completely  through  the  mirror  stack  and  regrowing  high-index  material^  have 
only  been  partially  successful  due  to  the  obvious  processing  difficulties 
involved.  In  contrast,  since  effective  cavity  lengths  for  most  current  vcsel 
designs  are  usually  under  2  jim,  an  etch  of  only  30  nm  is  sufficient  to  affect 
an  index  change  of  about  0.05.  Following  such  a  shallow  etch,  the  remaining 
mirror  structure  may  then  be  deposited.  It  also  follows  that  index  guided  devices 
may  be  fabricated  in  the  same  manner  by  merely  reversing  the  etch  profile. 

An  additional  potentially  important  use  of  leaky-mode  coupling  in 
vcsels  is  for  inter-element  coupling  of  2-D  arrays,  which  would  provide  much 
higher  fundamental  mode  output  powers  with  a  minimum  of  excess  radiation  loss. 
The  shallow  etch  process  described  above  could  be  used  to  fabricate  arrays  as 
well,  either  in  a  rectangular  pattern  or  as  a  series  of  concentric  rings  sepa¬ 
rated  by  anti-guided  regions  for  strong  leaky-mode  coupling. 
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Fig.  1.  Schematic  diagram  of  a  simplified  vcsel  cavity  whose  optically 
lengthened  region  (on  the  right)  behaves  as  if  it  were  the  same  length  as  the 
region  on  the  left,  but  with  an  increased  index  of  refraction 


- ► 
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Position 


Fig.  2.  Schematic  diagram  of  leaky-mode  vcsel  produced  by  patterning  the  cav¬ 
ity  region  followed  by  regrowth  of  a  dielectric  stack. 
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Introduction 

The  cost  of  critical  alignment  techniques  required  in  the  packaging  of 
optoelectronic  components  has  been  one  of  the  most  important  contributors 
to  the  high  cost  of  these  components.  Recently,  efforts  have  been  undertaken 
around  the  world  to  develop  novel  techniques  to  reduce  the  complexity  of 
alignment  procedures  and  thereby  reduce  the  costs  of  optical  and 
optoelectronic  components.  Most  of  these  aligned  packaging  techniques 
utilize  platforms  that  while  providing  enhanced  alignment  capabilities,  also 
allow  the  potential  for  increased  hybrid  integration.  It  is  the  purpose  of  this 
paper  to  review  some  of  these  newly  evolving  techniques  that  show 
particular  promise  or  capture  the  imagination. 

Passive  Alignment  Techniques 

Active  alignment,  accomplished  with  the  powering  of  optoelectronic 
components  or  otherwise  passing  light  through  them,  generally  requires 
careful,  iterative  movements  of  components  to  optimize  the  coupling.  As 
such,  it  is  a  good  way  to  get  the  ultimate  in  coupling  performance  out  of  a 
system  but  costs  for  labor,  equipment  and  precision  machined  assembly  parts 
may  be  excessive.  On  the  other  hand,  passive  alignment  does  not  introduce 
the  complexities  of  operating  devices  during  the  packaging  operations  and 
may  significantly  reduce  the  cost  of  packaging.  Several  techniques  that  allow 
for  the  passive  alignment  of  optoelectronic  components  will  be  reviewed. 

Passive  allignment  techniques  have  been  developed,  for  example,  that  utilize 
micromachined  silicon  waferboard  substrates^,  specially  fabricated 
optoelectronic  components^/  3/  complementary  structures  on  platforms  and 
devices^,  solder  bump  alignment  forces^,  controlled  height  solder  pads^,  and 
visual  alignment  fiducials^.  One  of  the  important  recent  developments 
affecting  the  practicality  of  passive  alignment  techniques  involves  the  use  of 
expanded  mode  lasers  to  give  a  better  match  to  single-mode  optical  fiber  than 
conventional  lasers.^/io 
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Novel  Alignment  Techniques 

It  is  also  possible  to  simplify  the  alignment  of  complex  optical  systems  by  use 
of  platforms  and  bearings^^  silicon  V-groove  carriers^^,  filled  plastic  fiber 
array  connectors^^^  and  glued  interface  attachment  techniques'^  to  thereby 
also  reduce  component  costs.  A  review  of  some  of  this  work  will  be 
provided. 

Platform  Selection  and  Preparation 

Selection  of  the  substrate  for  aligned  packaging  and  hybrid  integration  must 
be  carefully  considered  since  it  must  fulfill  a  variety  of  functions  and  it  must 
be  capable  of  being  easily  fabricated  with  microscopic  features  and  tolerances. 
Issues  involving  chip  attachment,  wire  bonding,  flip-chip  solder  bonding, 
passive  and  active  optoelectronic  alignment,  electronic  chip  bonding,  control 
of  reflections,  internal  package  atmosphere,  minimization  of  undesired 
electronic  parasitic  impedances  etc.  must  all  be  considered  It  is  also  useful  to 
consider  including  optical  connectors  in  the  finished  packaging  concept^^' 
and  providing  a  means  of  electronic  interconnection  that  is  entirely 
consistent  with  interconnections  to  other  hybrid  subassemblies  or  MCMs. 

Ceramic  substrates  can  represent  a  good  choice  for  use  as  a  packaging 
platform.  Certainly  the  technology  for  metal  patterning  and  fabricating 
appropriately  shaped  ceramic  platforms  has  been  well  developed  for  use  in 
the  hybrid  circuit  and  MCM  industries.  Additionally,  technology  for  the 
machining  of  precision  grooves  for  the  alignment  of  optical  fibers  and  other 
package  elements  into  ceramic,  glass  or  other  substrates  makes  them 
acceptable  for  platforms  with  micrometer  alignment  requirements. 

Silicon  substrates  are  often  utilized  as  packaging  platforms.  Besides  having 
suitable  thermomechanical  properties,  silicon  is  often  used  as  a  substrate  for 
optical  waveguides  using  glass^^/  or  polymeric  depositions.^^  Silicon 
substrates  may  contain  built-in  electronic  components  such  as  termination 
resistors,  decoupling  capacitors,  and  transistors.  An  added  advantage  offered 
by  silicon  substrates  is  the  substantial  capability  for  micromachining  V- 
grooves,  precision  micro  stops,  and  a  variety  of  optical  elements^°. 
Techniques  used  include  orientation  dependent  etching  of  the  single  crystal 
substrate  to  reveal  precisely  angled  crystal  planes  useful  for  alignment  of 
optical  fibers,  spherical  lenses,  optical  waveguides  and  etc.^^'^^  The 
micromachining  capability  may  also  be  applied  to  formation  of  pyramidal 
fiducial  cavities  that  when  combined  with  small  alignment  spheres  can 
provide  registration  between  several  substrates  Alternatively,  optical  fiber 
glass  rods  can  provide  alignment  between  two  or  more  silicon  substrates  with 
precision  etched  V-grooves.^'^  Recently,  micromachined  optical  components 
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have  also  been  fabricated  on  silicon  substrates  with  built-in  passive  alignment 
capabilities.^^ 

Plastic  substrates  have  been  applied  to  the  fabrication  of  optical  connectors  for 
both  single  and  multimode  optical  fiber.^^  These  quite  precise  and  stable 
plastic  alignment  subassemblies  with  precision  pin  registration  are  molded 
with  new,  dimensionally  stable,  silica-filled  polymer  materials.  Plastic 
materials  of  this  sort  should  thus  also  be  considered  as  a  possible  integration 
platform  for  use  in  optoelectronic  packaging. 
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Silicon  micro-machined  Optical  Sub-Assemblies  (OSA)  are  becoming  increasingly  popular  in 
packaging  of  photonic  devices.  Good  thermal  conductivity  of  silicon,  for  heat  sinking,  ability  to 
etch  precisely  controlled  grooves,  for  fiber  alignment,  availability  of  good  quality  wafers, 
developed  processing  technology,  and  batch  processing  are  some  of  the  advantages  that  are 
inherent  to  this  approach,  which  we  call  Silicon  Optical  Bench  (SiOB)  technology.  It  is  often 
desirable  to  be  able  to  define  photolithographically  patterns  in  close  proximity  to  deep  grooves  or 
at  the  bottom  of  such  grooves.  Typical  features  required  are:  wire  bonding  pads,  device  soldering 
pads,  alignment  marks,  turning  mirrors,  thin  film  heaters,  coplanar  microstrips,  etc. 

However,  the  conventional  spin-on  photoresists  do  not  work  on  highly  non-planar  surfaces. 
Steps  in  the  wafer  surface  lead  to  substantial  variation  of  the  local  resist  thickness  during  spin 
coating.  In  particular,  V-grooves  etched  in  the  surface  of  silicon  wafers,  typically  more  than 
150pm  deep,  present  a  topography  that  these  photoresists  cannot  uniformly  coat.  The  resist  tends 
to  thin  out  along  the  edges  of  the  groove,  while  becoming  much  thicker  in  the  low  lying  areas.  This 
nonuniform  distribution  of  photoresist  does  not  allow  for  creating  a  well  controlled  resist  pattern 
simultaneously  in  the  high  and  low  areas  of  the  wafer  in  a  single  step. 

To  solve  this  problem  we  successfully  utilized  electrophoretic  photoresist.  Developed  primarily 
for  fine  line  applications  in  the  printed  wiring  board  industiy,  electrophoretic  resists  (ED  resists) 
are  electrically  deposited  photoresists  with  the  ability  to  uniformly  coat  electrically  conductive 
surfaces  with  nonplanar  topographies.*'’^*  Electrophoretic  resist  deposition  occurs  when  an  electric 
potential  is  applied  across  two  electrodes  submerged  in  a  solution  of  the  resist.  When  the  voltage  is 
applied,  the  resist  is  attracted  to  the  negative  electrode  where  it  adheres  and  coats  the  electrode 
surface.  The  reaction  is  self  limiting  in  nature  such  that  when  the  deposited  resist  reaches  a  certain 
thickness,  the  negative  electrode  becomes  insulated  from  the  resist  solution  causing  the  deposition 
reaction  to  cease.*^'  The  final  thickness  of  the  deposited  resist  is  determined  primarily  by  a 
combination  of  the  bath  temperature  and  applied  voltage.  In  general,  increasing  the  temperature  of 
the  resist  solution,  or  decreasing  the  applied  voltage  will  decrease  the  deposited  resist  thickness. 

The  conformal  coating  capability  of  electrophoretic  resists  allow  the  micro-machined  wafers  to 
be  patterned  following  steps  similar  to  conventional  photoresist  processing  once  the  resist  has  been 
deposited.  In  this  communication  we  will  describe  the  application  of  the  ED  resist  technology  to  the 
fabrication  of  PIN-PAC  OSA.  PIN-PAC  utilizes  an  etched  V-groove  for  fiber  alignment  and 
attachment,  and  a  metallized  end  of  a  V-groove  as  a  turning  mirror,  directing  the  light  from  the 
fiber  toward  the  photodetector  mounted  on  top  of  the  groove  and  bridging  it.  The  photodetectors 
were  passively  aligned  to  the  turning  mirrors  by  solder  bumps  formed  on  solder  pads  that  were 
accurately  registered  lithographically  in  relation  to  the  mirror.  The  PIN-PAC  OSA  requires  metal 
to  be  patterned  in  the  V-groove,  as  well  as  on  the  surface  of  the  wafer  in  close  proximity  to  the 
groove.  Commercially  available  Shipley  Eagle  2100  ED  resist  was  used  in  all  lithography  steps. 
The  details  of  resist  deposition,  exposure  and  developing  are  readily  available  from  Shipley. 

PIN-PAC  OS  As  were  fabricated  from  500pm  thick,  125mm,  <100>  silicon  wafers.  Prior  to 
metal  deposition  V-grooves,  190pm  deep  and  272  pm  wide,  were  etched  in  the  surface  of  the 
wafers  for  fiber  attachment.  After  the  V-grooves  have  been  etched  in  the  starting  wafers,  a  10  pm 
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thick  Si02  film  was  grown  on  the  wafer  surface  by  High  Pressure  Oxidation  (HIPOX).  The  base 
metal  Ti/Pt  1000/2000A  was  sputtered  on  the  wafers,  and  after  deposition  the  wafers  were  coated 
with  a  layer  of  ED  resist.  The  patterned  resist  is  shown  in  Figure  1  after  exposure  and 
development(  developer  Shipley  Eagle  2005  at  40 °C)  but  prior  to  the  metal’s  etch.  The  turning 
mirror  and  bonding  pads  are  clearly  visible  in  the  figure.  The  Pt  layer  was  etched  by  ion  milling  in 
a  Technics  Ion  Miller,  with  the  resist  acting  as  the  etch  mask.  The  wafer  was  positioned 
perpendicular  to  the  ion  beam  to  ensure  that  the  metal  at  the  bottom  of  the  groove  is  milled. 
Without  stripping  the  resist,  Ti  was  etched  in  a  solution  of  100:1  HF  (H20:49wt%  HF)  for 
approximately  1  minute.  After  the  metals  have  been  etched,  the  resist  was  stripped  in  Eagle  2009 
Remover  at  85°C  for  10  minutes.  At  the  next  step  a  10,000A  layer  of  gold  was  sputtered  on  the 
wafers,  and  etched  in  diluted  aqua  regia,  using  resist  as  a  mask.  The  gold  is  used  to  lower  the 
resistivity  of  the  interconnects  and  to  allow  wire  bonding.  The  next  step  is  solder  dam  layer 
deposition  and  patterning.  Non-wettable  oxidized  films  of  Cr  or  Ti  have  been  used  to  form  the 
solder  dams.  The  Au/Sn  solder  was  evaporated  on  the  bonding  pads  and  on  part  of  the  solder  dam 
area,  using  lift-off  technique.  After  solder  deposition  the  solder  was  reflowed  to  form  solder 
bumps  by  heating  the  devices  above  the  solder  melting  temperature  and  causing  the  solder  to  dewet 
from  the  solder  dams.  Utilization  of  solder  dams  and  solder  reflow  step  allows  to  reduce  the 
deposited  layer  thickness  well  bellow  the  required  bump  height  by  concentrating  solder  from  a 
larger  dam  area  into  the  area  of  the  smaller  bonding  pad. 

The  final  patterned  OSA  with  solder  bumps  is  shown  in  Figure  2.  Two  V-grooves  are  visible 
as  black  horizontal  rectangular  strips.  On  both  sides  of  the  grooves  rectangular  elongated  bonding 
sites  for  the  photodiode  are  positioned.  In  them  the  small  dark  squares  are  the  reflown  solder 
bumps  which  are  surrounded  by  lighter  dark  areas  that  are  the  uncovered  solder  dams.  The 
triangles  are  alignment  marks  for  positioning  the  photodiode.  A  close-up  of  the  solder  bonding  site 
before  and  after  reflow  is  shown  in  Figures  3a  and  3b,  respectively  In  Figure  3a  we  can  see  on  the 
left  a  part  of  the  gold  pad  and  the  large,  grainy,  dark  square  on  the  right  is  as  deposited  solder.  A 
small  uncovered  portion  of  the  solder  dam  is  seen  as  a  white  stripe  between  them.  The  entire  solder 
dam  area  is  visible  around  the  solder  in  Figure  3b. 

A  general  view  of  a  part  of  a  PIN-PAC  silicon  OSA  wafer  populated  with  photodiodes  is 
shown  in  Figure  4.  The  devices  were  first  tack-bonded  onto  the  bonding  pads,  then  the  assembly 
was  put  in  an  oven  and  the  solder  was  reflown,  allowing  the  solder  bumps  to  passively  align  all  the 
devices  at  once.  The  devices  were  wire  bonded  and  electrically  tested  on  the  silicon  wafer.  After 
test  the  wafer  was  mounted  on  tape,  diced  into  individual  OSAs,  cleaned  on  tape,  and  finally 
picked  from  the  tape  to  be  used  in  packages.  No  wire  bonds  loss  or  electric  damage  to  the 
photodetectors  were  incurred  in  the  separation  process. 

Our  ability  to  pattern  thin  films  over  highly  non-planar  topographies  extends  the  applications 
of  the  SiOB  technology.  It  enables  high  level  integration  of  a  number  of  features  critical  to  the 
batch  packaging  of  photonic  devices,  such  as  V-grooves,  solder  sites,  wire  bonding  pads,  etc., 
leading  to  their  low  cost  manufacturing. 
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Figure  1.  SEM  micrograph  of  Figure  2.  Top  view  of  patterned  Optical  Sub-Assembly 

patterned  electrophoretic  resist  u  u  n 

^  ^  after  solder  bumps  reflow 


a)  Solder  pad  showing  deposited  solder  b)  Solder  pad  showing  reflowed  solder 

Figure  3.  Micrographs  of  Optical  Sub-Assembly  solder  bonding  pad 
before  and  after  solder  reflow 
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Introduction 

High-precision  packaging  of 
optoelectronic  (OE)  components  is  a  labor- 
intensive  and  expensive  process.  We  believe 
that  the  pigtailing  process  must  be  automated  to 
realize  a  significant  reduction  in  the  cost  of  QE 
packages.  We  are  addressing  issues  of 
automating  the  fiber  pigtailing  process  on 
silicon  waferboards  or  microbenches.  While 
we  are  initially  concentrating  on  laser  diodes, 
the  same  techitiques  are  applicable  to  other  QE 
devices.  This  paper  focuses  on  reflowing 
solders  for  the  attachment  of  OE  components 
on  silicon  microbenches.  Nearly  ten  years 
ago,  miniature  metallic  heaters  to  reflow  solder 
for  the  attachment  of  OE  components  on 
ceramic  waferboards  were  develop^  [1].  We 
have  recently  developed  miniature  polysilicon 
heaters  which  are  compatible  with  silicon 
microbenches  [2].  These  miniature  heaters 
avoid  the  problem  of  raising  the  entire 
microbench  to  the  solder  melting  point  to  attach 
components.  Most  importantly,  these  miniature 
heaters  are  completely  compatible  with 
automating  the  attachment  process. 

Designing  silicon  microbenches  with 
on-board  heaters  requires  some  care.  The 
thermal  properties  of  the  microbench  itself 
along  with  ^  coatings  on  the  surface  and  any 
heatsinking  materials  must  be  understood.  The 
heaters  must  operate  in  a  current  and  voltage 
regime  con^atible  with  the  overSl 
characteristics  of  the  OE  package. 
Inadvertently  reflowing  solder  in  unanticipated 
locations  may  occur  unless  the  thermal 
behavior  of  the  microbench  is  thoroughly 
known.  This  paper,  then,  describes  an 
experimental  and  theoretical  study  we  have 
p^ormed  on  these  silicon  microbenches 
which  gives  us  a  complete  picture  of  their 
thermal  behavior.  We  have  two  goals.  First, 
we  want  to  understand  the  temperature 
distribution  on  our  existing  microbench 
designs.  Secondly  we  want  to  develop  a 


computational  tool  to  model  the  thermal 
behavior  and  help  us  to  design  future 
microbenches.  The  next  section  describes  the 
geometry  of  our  existing  silicon  microbenches 
and  the  following  section  describes  the 
theoretical  thermal  model  we  are  using  and 
simulations  to  extend  our  experimental  results. 
The  final  sections  present  the  results  of  tiie 
experiments  and  their  comparison  with  tiie 
model. 

Structure  and  construction  of 
microbenches 

Construction  of  our  silicon  microbenches 
begins  with  single-crystal  silicon  wafers  as  a 
substrate.  We  use  a  standard  silicon  wafer 
thickness  of  4(X)-500|im.  Wells  and  pedestals 
are  etched  into  the  silicon  as  needed  to 
approximately  align,  in  the  vertical  direction, 
the  optical  axis  of  the  various  components  to 
be  mounted.  Next  a  thick  layer  of  silicon 
dioxide  (Si02)  is  deposited  and  etched  to 
provide  some  degree  of  thermal  isolation  of 
other  areas  fitom  the  heaters.  The  thermal 
resistance  of  SiOi  is  approximately  two  orders 
of  magnitude  greater  than  that  of  silicon  so  a 
5|xm  thick  layer  of  Si02  is  thermally  equivalent 
to  a  500|im  thick  layer  of  silicon.  With  plasma- 
assisted  Chemical  Vapor  Deposition,  it  is 
possible  to  deposit  layers  of  SiQz  up  to  20- 
30(xm  thick.  We  genei^ly  use  a  thickness  of  5- 
10p.m  depending  on  the  needs  of  each 
application. 

The  heaters  are  made  by  depositing, 
doping,  and  patterning  an  approximately  Ijjm 
thick  layer  of  ^lyaystalline  silicon 
(polysilicon).  The  doping  is  adjusted  to  result 
in  a  resistance  of  the  heaters  of  approximately 
10-50Q.  Resistors  in  this  range  give  the 
greatest  control  at  the  temperatures  of  interest 
with  standard  laboratory  power  supplies.  A 
final  metal  layer  of  a  standard  Cr/Au  or  IVAu 
metallization  completes  the  interconnect 
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structure  to  provide  electrical  connections  to 
the  heaters  and  a  layer  of  metal  that  is  stron^y 
adherent  to  both  silicon  and  Si02  and  to  which 
most  standard  solders  will  adhere. 

Figure  1  shows  the  top  view  of  a  typical 
microbench.  The  overall  dimensions  are  about 
6mm  X  13mm.  The  spacing  between  the 
mounting  location  of  the  laser  diode  and  the 
nearest  heater  is  t^proximately  1mm  and  die 
second  healer  is  about  5mm  away  from  the 
first.  By  judicious  choice  of  solders  and  power 
to  the  heaters  we  can  solder  the  laser  diode,  a 
thermistor,  and  metal  coated  fiber  to  the  top  as 
well  as  a  thennoelectric  cooler  to  the  bottom  of 
the  microbench  with  just  these  two  heaters. 
Using  this  technique  we  have  been  able  to 
achieve  sub-micron  tolerance  of  conically 
tapered  fiber  actively  aligned  and  attached  with 
coupling  efficiencies  as  high  as  65%. 

Thermal  Modeling  and  Simulation 

A  mechanical  finite-element  modeling 
code  called  COSMOS/M[3]  was  used  to 
develop  a  predictive  model  of  the  temperature 
response  of  the  silicon  microbench  to  various 
heating  pulses.  Full  three  dimensional 
simulation  is  needed  to  account  for  all  the  heat 
flow  in  the  structure,  however  we  found  that 
we  could  simplify  the  model  by  approximating 
the  three  dimensional  physical  stracture  as  a 
two  dimensional  axisymmetric  problem.  This 
was  justified  because  the  microbench  is  thin 
compared  to  its  overall  width  and  length 
dimensions.  Heat  penetrates  quickly  through 
the  thin  wafer  and  then  spreads  radially 
outward.  Our  strategy  here  was  to  compare  the 
model  to  measured  results  at  two  extremes  of 
heatsinking.  First,  heat  sinking  only  around 
the  edge  of  the  microbench  simidates  minimum 
cooling  where  just  natural  convection  of  air 
provides  the  cooling.  Second,  heat  sinking 
under  die  entire  microbench  provides  much 
larger  thermal  losses  and  simulates  the 
attachment  of  the  microbench  to  a  real  package. 
For  comparison  with  our  experiments,  we 
modeled  different  types  of  heatsink  mataials 
including  glass,  brass,  and  a  thermal-electric 
cooler.  We  did  not  permanently  solder  the 
microbenches  to  the  heatsinks,  so  that  tire 
benches  and  the  heatsinks  could  be  reused. 
The  microbenches  were  attached  to  the  heat 


sinks  by  either  a  thin  layer  of  silicone  grease  or 
thermal  epoxy. 
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paris  contacts  dioxide 

Figure  1.  Silicon  microbaich  with  built-in  polysilicon 
heaters  to  manufacturable  solder  reflow. 


Because  tire  edge  boundaries  of  the 
microbench  are  relatively  far  fiom  the  heat 
source  we  can  use  a  circitiar  heat  source  in  die 
model  to  approximate  the  actual  rectangular 
heat  source.  This  gives  accurate  central 
temperatures,  relative  ^ge  temperatures  at  die 
source  boundary,  and  accurate  temperatures  far 
from  the  source.  Local  temperature  prediction 
at  the  heater  determines  the  melt  or  remelt  of 
the  solder,  while  temperatures  far  from  die 


Circular  Heat 


Figure  2.  Thermal  model  of  the  silicon  microbench 
showing  the  cylindrical  apfxoximation  to  the  physical 
model  and  the  planar  section  used  in  the  simulation. 
Heat  is  removed  by  natural  convectirai  from  the  top 
surface  and  by  a  heat  sink  located  undo:  the 
microbench. 

heater  determine  the  fate  of  the  other  solder 
junctions  on  the  microbench. 

The  diermal  model  developed  for  die 
microbench  assumes  axial  symmetry  and  is  a 
plane  section  cut  radially  fern  a  cylindrical 
piece  of  silicon.  A  sketch  of  the  axisymmetric 
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model  is  shown  in  Figure  2.  The  height  of  the 
rectangular  plane  is  equal  to  the  thickness  of 
the  silicon  (450  |im)  plus  a  25  pm  height  that 
approximates  the  5  pm  insulation  layer  of 
silicon  dioxide.  The  insulation  layer  was 
purposely  made  thicker  so  that  fewer  nodes 
would  be  required  in  the  simulation.  The 
material  properties  of  the  insulation  were 
adjusted  to  match  die  diermal  properties  of  the 
5  pm  silicon  dioxide  layer.  Natur^  convection 
heat  transfer  removes  some  heat  from  the 
surface  of  the  microbench  but  the  majority  of 
the  heat  is  removed  through  contact  resistance 
with  heat  sinks  located  near  the  bottom  edges 
of  the  microbench  or  under  the  microbench. 
The  OMitact  resistance  between  the  microbench 
and  a  heat  sink  is  a  large  thermal  barria-  to  heat 
flow.  This  resistance  is  difficult  to  predict 
accurately  because  of  uncertainties  in  the  gap 
height  between  contacting  parts.  For  this 
study,  the  contact  resistance  was  the  only 
variable  in  the  model  used  to  match  the  data. 

We  are  running  COSMOS/M  on  a 
Macintosh  n  with  a  16  MHz  68030  processor 
and  a  math  co-processor.  On  this  somewhat 
primitive  platform  we  can  perform  steady  state 
simulations  in  less  than  10  minutes  and 
transient  simulations  in  less  than  30  minutes. 

Experimental  Setup 

The  experimental  data  was  gathered 
using  a  flexible  IEEE-488  bus  controlled 
measurement  system.  Measurements  were 
taken  of  temperature  vs.  time  with  a  variety  of 
applied  electrical  power  pulses  and  at  several 
locations  on  the  microbench.  For  transient 
measurements  shorter  than  one  second  we 
found  that  it  was  necessary  to  attach  miniature 
chip  thermistors  to  the  microbench.  The 
th^mal  response  time  of  even  the  smallest 
thermocouple  we  had  available  was  too  long 
(several  seconds).  Thermistors,  however,  are 
restricted  to  a  temperature  range  below  150°C. 
So,  for  short  pulses  our  experimental  data  is 
restricted  to  that  range.  We  can  extrapolate  the 
experimental  data  to  higher  temperatures  with 
the  computer  simulations.  Three  chip 
thermistors  were  mounted  on  each  microbench 
tested:  one  on  top  of  the  central  heater,  die 
next  approximately  2mm  away  on  the  diode 
mounting  pad,  and  the  third  on  one  of  tiie 
strain  relief  pa^  about  5mm  from  the  heater. 


Experimental  Results 

Due  to  limitation  of  space,  only  a  few  sample 
results  are  described  here;  additional  results 
will  be  presented  at  the  conference.  Figure  3 


Figure  3.  Simulated  and  exp^mental  plot  of  steady 
state  temperature  with  various  values  of  cooling 
coefficients  to  represent  heatsinldng. 

shows  a  plot  of  steady  state  temperature  vs. 
electrical  power  applied  to  the  heater  for 
several  different  cooling  coefficients  in  units  of 
2 

W/mm  -°C.  The  experimental  data  allows 
determination  of  the  effective  cooling 
coefficients.  From  such  plots  we  can  calibrate 
the  model  for  a  particular  cooling  mechanism. 
Using  this  model,  we  can  make  this  kind  of 
plot  for  any  location  on  the  microbench. 

Figure  4  shows  the  decrease  in 
temperature  with  distance  away  from  a  heater 
for  different  electrical  pulse  lengths.  This 


Figure  4.  Typical  plot  of  normalized  temperature  vs. 
radial  position  for  various  lengths  of  electrical  pulses 
applied  to  the  heater 

information  allows  one  to  determine  how  far 
apart  to  design  the  attachment  points  of 
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components  which  must  be  soldered 
sequentially  in  time.  One  wants  to  maintain  the 
first  component  at  a  temperature  lower  than  the 
melting  point  of  the  solder  while  attaching 
subsequent  components.  As  one  would  expect, 
a  short  pulse  results  in  a  larger  decrease  m 
temperature  with  distance  because  the  heat  is 
initially  concentrated  only  at  the  heater. 

Conclusion 

An  experimental  and  theoretical  study 
has  been  conducted  of  the  thermal  behavior  of 
silicon  microbenches  with  on-board  heaters  for 
solder  reflow.  The  combination  of  selected 
experimental  measurements  with  fimte  element 
simulation  of  the  thermal  behavior  of  the 
structure  allows  us  to  gain  a  good 
understanding  of  temperature  distributions  on 
the  microbench  under  various  conditions  of 
power  applied  to  heaters  and  for  different 
heatsinks.  The  result  is  an  accurate  predictive 
model  of  the  silicon  microbench. 
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Introduction 

The  monolithic  integration  of  lasers  and  modulators  in  InGaAsP/InP  is  an  attractive 
approach  for  the  manufacture  of  compact,  low-chirp  sources  with  low  packaging  cost  for 
high  bit  rate  fiber  transmission  systems.  For  the  control  of  chirp,  the  use  of  an 
interferometric  Mach-Zehnder  (MZ)  modulator  provides  more  flexibility  than  modulation 
by  electro-absorption  [1],  Zucker  et  al.  have  demonstrated  a  MZ  modulator  integrated  with 
a  superposed  DBR  laser  [2],  and  more  recently  Tambun-Ek  et  al.  have  reported  a  MZ 
integrated  with  an  optical  amplifier  and  a  conventional  DFB  laser,  fabricated  by  selective 
area  growth  [3].  Although  both  of  these  implementations  offer  the  advantage  of  a  small 
number  of  growth  steps,  the  designs  of  the  MZ  and  laser  active  regions  are  mutually 
constrained.  In  contrast,  integration  by  butt-coupling  virtually  eliminates  design 
constraints,  allowing  the  DFB  laser  and  modulator  active  regions  to  be  independently 
optimized  with  respect  to  the  choice  of  the  number  of  quantum  wells,  the  quantum  well 
and  barrier  compositions,  the  doping  profiles,  and  the  optical  confinement  factors. 

In  this  paper,  we  present  the  first  monolithically  integrated  MZ/DFB  device 
fabricated  by  butt-coupling.  We  also  report  the  first  high-speed  and  long-distance 
operation  for  an  integrated  MZ/DFB  device.  The  chosen  MZ  modulator  design  provides 
high  bandwidth  and  low  excess  losses  [4],  For  the  light  source,  gain-coupled  (GC)  DFB 
lasers  were  selected  because  they  provide  high  single  mode  yield  [5],  high  side  mode 
suppression  [6],  relatively  low  sensitivity  to  external  reflections  [7],  and  an  external 
quantum  efficiency  which  can  be  enhanced  by  the  application  of  a  high-reflectivity  coating 
to  the  back  facet.  With  the  integrated  MZ/DFB  we  demonstrate  10  Gbit/s  transmission 
over  100  km  of  non-dispersion-shifted  fiber  (NDSF)  at  A,=1.55  pm. 
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Figure  1:  Schematic  diagram  of  the  Mach-Zehnder  modulator  which  is 
monolithically  integrated  with  a  gain-coupled  distributed  feedback  laser. 


Device  structure  and  fabrication 

The  integrated  MZ/DFB  structure  is  illustrated  in  Figure  1 .  The  fabrication  involves  a  total 
of  4  low-pressure  MOCVD  epitaxial  steps.  The  first  two  epitaxial  steps  constitute  the  laser 
active  region  growth  and  the  overgrowth  of  the  first-order  DFB  grating.  Trenches  are 
etched  to  accommodate  the  MZ  active  region,  which  is  deposited  in  the  third  growth.  The 
p-type  InP  ridge  and  InGaAs  p-contact  layers,  which  are  common  to  both  the  ridge- 
waveguide  DFB  and  MZ,  are  added  in  the  fourth  growth.  The  MZ  length  is  1 .5  mm,  and 
the  dimensions  and  the  definition  process  of  the  waveguides  in  the  MZ  region  is  identical 
to  that  reported  previously  [4].  The  MZ  material  (both  quantum  wells  and  ridges)  show 
excellent  planarity  everywhere,  except  for  a  small  transition  region  within  0.5  pm  of  the 
butt-joint.  The  optical  coupling  loss  at  the  butt-coupling  joint  between  the  laser  and  MZ 
was  measured  to  be  as  low  as  0.75  dB  (1.2  dB  typical).  The  GC-DFB  lasers  have  a  ridge 
height  and  width  of  approximately  2  pm. 

The  MZ  active  region  consists  of  twenty  95  A  InGaAsP  quantum  wells  separated 
by  80  A  InP  barriers,  with  a  photoluminescence  emission  peak  at  Z  =  1.45  pm.  The 
voltage  swing  to  one  arm  which  was  required  to  achieve  maximum  extinction  of  17.7  dB 
was  4.57  Volts.  The  total  insertion  losses  from  the  integrated  laser  into  a  tapered  fiber 
aligned  to  the  MZ  output  is  estimated  to  be  12.8  ±  2.4  dB. 

The  DFB  has  a  "truncated- well"  gain-coupled  active  region  structure,  having  3  of 
its  7  compressively  strained  quantum  wells  etched  by  the  grating.  The  GC-DFB’s 
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exhibited  a  single  mode  yield  of  90%  (SMSR>35  dB)  at  1=100  mA  for  a  sample  size  of 
304  integrated  devices,  consistent  with  the  yield  reported  for  standalone  GC-DFB’s  of 
similar  design  [5],  With  the  MZ/DFB  having  the  front  facet  anti-reflection  coated  and  the 
back  facet  uncoated,  optical  powers  slightly  in  excess  of  0.5  mW  into  tapered  fiber  have 
been  achieved  for  a  laser  bias  current  of  125  mA.  Additional  power  would  be  available 
with  the  use  of  a  high  reflectivity  coating  on  the  laser  back  facet.  A  typical  DFB  spectrum 
obtained  from  the  front  facet  of  an  integrated  MZ/DFB  is  shown  in  Fig.  2. 

Transmission  Experiment 

The  integrated  MZ/DFB  chip  was  attached  p-side-up  on  a  carrier  patterned  with  co-planar 
transmission  lines  terminated  with  a  50  Ohm  resistor.  The  DFB  was  biased  at  100  mA  and 
the  heatsink  temperature  was  set  at  20  C.  The  MZ  arms  were  driven  differentially  at  10 
Gbit/s  from  -4.0V  to  -2.0V  and  -3.8V  to  -5.8V  by  the  output  of  a  pseudo-random  bit 
sequence  generator  (PRBS).  Under  these  conditions,  the  extinction  ratio  was  10.8  dB. 

The  fiber-coupled  MZ/DFB  output  signal  was  followed  by  an  optical  isolator,  an 
erbium  doped  fiber  amplifier  (EDFA),  and  an  optical  bandpass  filter  (1.5  nm  FWHM)  to 
reduce  the  amplified  spontaneous  emission  noise  from  the  EDFA.  The  waveform  at  0  km 

n 

for  a  PRBS  pattern  length  of  2  -1  is  shown  by  the  eye-diagram  in  Fig.  3(a).  The  eye- 
diagram  obtained  by  a  Tektronix  SD-46  photodetector  after  80  km  and  100  km  of  NDSF  is 
given  in  Figs.  3(b)  and  3(c),  respectively.  An  optical  receiver  based  on  a  SAGCM  APD  [8] 
with  an  HBT  preamplifier  (500  Ohm  transimpedance)  was  employed  to  assess  the 
dispersion  penalty  after  transmission  through  the  NDSF.  The  BER  vs.  received  power 
curves  at  0,  80  km,  and  100  km  all  obeyed  a  classic  logarithmic  waterfall  form,  with  no 
evidence  of  BER  flooring.  The  displacement  between  the  BER  curves  for  0  km  and  100 
km  revealed  a  penalty  of  only  0.8  dB,  which  is  in  reasonable  agreement  with  the 
performance  of  a  discrete  III-V  MZ  device  [9]. 

Conclusion 

An  InGaAsP/InP  MZ  modulator  integrated  by  butt-coupling  with  a  gain-coupled 
distributed-feedback  laser  has  been  demonstrated  for  the  first  time.  10  Gbit/s  transmission 
over  100  km  of  NDSF  at  A,=1.55  pm  is  achieved  with  a  receiver  penalty  of  less  than  1  dB. 
Approximately  90%  of  the  integrated  gain-coupled  DFB's  lase  in  a  single  longitudinal 
mode  at  100  mA. 
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Figure  2.  Typical  power  versus  wavelength 
spectrum  measured  from  the  front  facet  of  the 
integrated  MZ/DFB  at  1=120  mA  and  T=20  C. 
The  vertical  scale  is  10  dB  per  division. 


a)  0  km 


b)  80  km  NDSF 


c)  100  km  NDSF 


Fjgure  3:  Received  optical  eye 
diagram  at  10  GBit/s  after:  a)  0  km, 
b)  80  km,  and  c)  100  km  of  NDSF 
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Introduction:  Integrated  lasers  and  electro-absorption  modulators  have  attained  large 
interest,  [l]-[8],  for  long  distance,  high  bitrate  transmission.  In  this  paper  we  report  on 
monolithically  integrated  DFB  lasers  and  bulk  modulators  on  semi-insulating  (SI)  InP 
substrate.  The  main  reasons  to  develop  Sl-substrate  devices  are  (i)  the  reduced  stray 
capacitances,  (ii)  possibilities  to  make  arrays,  (iii)  easier  integration  with  co-planar 
microwave  waveguides,  (iv)  future  integration  with  InP  Heterojunction  Bipolar  Transistor 
(HBT)  drive  stages.  By  proper  optimisation  (i.e.  choice  of  bandgap  wavelength  of  the 
modulator  with  respect  to  the  DFB  lasing  wavelength)  we  obtain  zero-bias  operation  with 
low  drive  voltage  and  small  chirp.  Short  modulator  (150  pm)  devices  have  a  3-dB 
bandwidth  of  up  to  19  GHz  and  can  be  operated  with  a  voltage  swing  from  0  to  -2  V  with 
10  dB  extinction  ratio,  and  have  good  transmission  properties  in  10  Gb/s  transmission 
experiments.  In  particular  they  operate  penalty-free  at  40  km  standard  fibre.  With  long 
modulator  (300  pm)  devices,  less  than  1  V  drive  voltage  for  10  dB  extinction  with  >9  GHz 
modulation  bandwidth  can  be  obtained.  We  believe  this  is  the  lowest  drive  voltage  reported 
for  integrated  bulk  modulators  useful  for  10  Gb/s.  The  temperature  dependence  is  also 
investigated  and  conclusions  made  regarding  the  usefulness  in  WDM  applications. 

Desim  and  fabrication:  Figures  1  and  2  show  cross-sections  of  the  DFB  section  and  of 
the  modulator  section,  respectively.  First,  a  2.8  pm  thick,  n-doped  (varying  from  3«10‘* 
cm'^  at  the  bottom  to  1*10‘*  cm'^  close  to  the  active  layer)  InP  layer  is  grown.  A  0.15  pm 
thick,  undoped,  active  quaternary  layer  with  luminescence  wavelength  of  1.55  pm  (Q1.55),  a 
0.12  pm  thick  p-doped  (2*10^’  cm"^)  InP  layer  and  a  0.028  pm  thick  Q1.30  grating  layer 
follow.  After  grating  definition  with  electron-beam  lithography  and  wet  etching,  InP 
regrowth  over  the  grating  takes  place.  The  grating  includes  a  symmetrically  placed  quarter- 
wave  shift.  Subsequently,  400  pm  long  lasers  are  defined  by  etching  down  into  the  bottom 
n-doped  InP  layer.  The  modulator  and  passive  sections  are  formed  by  butt-joint  growth  of 
a  0.16  pm  thick  undoped  Q1.48  layer,  a  0.04  pm  thick  undoped  Q1.05  layer  (to  avoid 
hole  pile-up)  and  a  thin  p-InP  (2«10”  cm'^)  layer.  Subsequently,  1.3  pm  wide  waveguides 
are  formed.  Current-blocking,  1.7  pm  thick  Sl-InP  and  0.5  pm  thick  n-InP  (1»10'^  cm'^) 
are  regrown  around  the  waveguide  mesa.  Finally  p-InP  (1*10‘*  cm'^)  and  p-InGaAs 
contact  layers  are  grown.  MOVPE  is  used  throughout  for  the  epitaxy.  A  sequence  of 
reactive  ion  etching  (RIE)  steps  is  used  to  obtain  the  geometry  in  Figures  1  and  2.  The 
modulator  is  terminated  with  a  window-structure  and  anti-reflection  coating. 

Short  integrated  modulator  (150  pm)  performance:  The  small-signal  3-dB  bandwidth  of 
short  devices  (150  pm  long  modulator)  was  up  to  19  GHz  (measured  with  50  ii  parallel 
load).  The  threshold  current  was  typically  22  mA  at  293  K,  and  the  DFB  emission 
wavelength  was  around  1530  nm.  The  side-mode  suppression  ratio  typically  exceeded  40 
dB.  Figure  3  displays  the  extinction  and  chirp  (measured  with  the  method  in  [9])  as  function 
of  modulator  bias.  About  10  dB  extinction  was  obtained  when  operating  the  modulator 
between  0  and  -2  V.  The  chirping  parameter  varied  from  0.3  to  -0.45. 
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Figure  1.  Laser  cross-section.  2-  Modulator  cross-section. 


Transmission  experiments:  A  150  (i,m  device  operated  at  293  K  ,  with  125  mA  DFB  laser 
current,  was  driven  from  0  V  to  slightly  below  -2  V,  to  give  1 1  dB  extinction  ratio,  with  a 
10  Gb/s,  PRBS  2’-l  sequence.  The  chip  mean  output  power  was  0  dBm.  The  experimental 
set-up  consisted  of  the  transmitter  chip,  an  Erbium-Doped  Fibre  Amplifier  (EDFA)  giving 
-1-6  dBm  mean  output  power  (thus  assuring  linear  transmission),  standard  (i.e.  non¬ 
dispersion-shifted)  transmission  fibre,  an  EDFA  pre-amplifier  followed  by  a  wide-band  50  Q. 
receiver  and  electrical  amplifiers.  For  41  km  transmission  no  significant  penalty  was  seen, 
whereas  a  penalty  of  2.5  dB  (-1-/-  0.5  dB)  was  obtained  at  71  km.  Figure  4  shows  the 
measured  Bit  Error  Rate  (BER).  The  measured  penalties  obtained  agree  well  with 
calculated  penalties  (based  on  the  chirp  and  extinction  functions  in  Figure  3). 
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Figure  3.  Extinction  ratio  (solid  squares^ 
left  axis)  and  chirp  parameter  (open 
circles,  right  axis)  as  function  of  applied 
modulator  bias,  for  an  integrated  150  (im 
long  modulator  integrated  with  a  DFB 
laser. 
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Figure  4.  Bit  Error  Rate  (BER)  as  function 
of  received  mean  power  at  0  km 
(triangles),  41  km  (squares)  and  71  km 
(closed  circles)  transmission  on  a  standard 
fibre.  150  \xm  long  integrated  modulator, 
operated  with  11  dB  extinction  ratio  and 
at  zero  bias. 
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Temperature  dependence:  The  temperature  dependence  gives  information  on  how  critically 
the  device  must  be  controlled.  Also,  when  the  temperature  is  changed,  the  wavelength 
detuning  between  the  DFB  laser  and  the  modulator  bandgap  changes.  The  DFB  laser 
emission  wavelength  changes  little  (==1  A  /  K)  whereas  the  modulator  bandgap  changes 
much  more  (=6  A  /  K),  so  that  one  gets  information  on  the  performance  if  it  should  be  used 
in  wavelength-tuneable  transmitters  (i.e.  arrays  of  wavelength-shifted  DFB  or  DBR  lasers). 


Figure  5  shows  the  insertion  loss  (defined  as  the  absorption  loss  determined  by  measuring 
the  photocurrent)  at  zero  bias  and  the  chirp  parameter  measured  at  a  bias  giving  3  dB 
extinction  (relative  to  zero  bias),  as  functions  of  chip  temperature.  One  can  show  that  the 
chirp  at  a  voltage  giving  3  dB  extinction  can  be  used  as  a  roughly  representative,  effective 
chirp  parameter  under  digital  modulation.  We  have  done  full  transmission  simulations  - 
using  field-dependent  chirp  parameters  -  in  order  to  verify  this.  (Other  groups  have  also 
suggested  using  various  average  chirp  parameters  [10].)  Figure  6  shows  the  modulator  bias 
voltage  required  for  3  dB  and  10  dB  extinction,  for  the  150  |im  long  device.  The  conclusion 
is  that  the  devices  can  be  used  in  a  temperature  range  >  20  K,  or  equivalently  in  a 
wavelength  range  >  10  nm,  in  40  km  standard  fibre  10  Gb/s  systems. 
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Figure  5.  Insertion  loss  (left)  and  chirp 
parameter  at  3  dB  extinction  (right)  as 
function  of  chip  temperature,  for  a  150  \xm 
long  modulator  +  DFB.  AR  coating  used. 


Figure  6.  Voltage  (relative  to  zero  bias)  for 
3  dB  and  10  dB  extinction,  as  function  of 
temperature,  for  a  150  |Xm  long  modulator 
+  DFB.  AR  coating  used. 


Integration  with  lone  (300  \im)  modulator  For  10  Gb/s  applications,  a  modulation 
bandwidth  of  7  -  8  GHz  is  in  principle  sufficient  (although  higher  bandwidth  is  useful,  i.e.  to 
facilitate  the  modulator  driving  and  avoid  electrical  reflections).  We  therefore  fabricated 
devices  similar  to  the  ones  above,  with  300  |im  long  modulator  sections.  Figures  7  and  8 
show  the  corresponding  results  for  the  longer  modulator,  as  shown  for  the  shorter  device  in 
Figures  5  and  6.  The  3-dB  modulation  bandwidth  was  larger  than  9  GHz.  The  waviness  on 
the  chirp  function  in  Figure  7  is  due  to  that  this  device  was  yet  not  AR  coated.  Thus  the 
influence  of  reflection-induced  wavelength  deviations  in  the  DFB  laser  is  apparent  in  Figure 
7:  When  the  temperature  is  changed,  the  phase  of  the  reflected  light  is  modified  and  hence 
the  (effective)  chirp  parameter.  These  oscillations  will  disappear  after  AR  coating.  From 
Figure  8  it  is  seen  that  less  than  1  V  drive  voltage  for  10  dB  extinction  can  be  obtained  with 
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properly  designed  10  Gb/s  bulk  modulator  integrated  with  a  DFB  laser  on  semi-insulating 
substrate  (similar  low  drive  voltage  has  been  obtained  for  stand-alone  bulk  modulators  [11], 
using  high-mesa  ridge  structures  with  polyimide  burying  layer). 


Figure  7.  Insertion  loss  (left)  and  chirp 
parameter  at  3  dB  extinction  ( right)  as 
function  of  chip  temperature,  for  a  300 
|Xm  long  modulator+DFB.  No  AR 
coating. 


Figure  8.  Voltage  (relative  to  zero  bias) 
for  3  dB  and  10  dB  extinction,  as  function 
of  temperature,  for  a  300  pm  long 
modulator+DFB.  No  AR  coating. 


Conclusion:  DFB  lasers  integrated  with  nearly  optimised  bulk  modulators  on  SI  InP 
substrate  show  promising  performance  for  10  Gb/s  systems  in  terms  of  drive  voltage  and 
chirping.  Short  devices,  with  up  to  19  GHz  modulation  bandwidth,  can  be  operated  with 
zero  bias  and  2  V  swing  in  10  Gb/s  systems  in  a  20  K  or,  equivalently  a  10  nm,  window. 
With  a  longer  device,  less  than  1  V  swing  at  zero  bias  is  sufficient  for  10  dB  extinction, 
while  the  modulation  bandwidth  remains  sufficient  for  10  Gb/s. 
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Introduction:  All-optical  switching  devices  are  expected  to  play  an  important  role  in  fiiture 
optical  time-division  multiplexing  (OTDM)  networks.  Interferometer  arrangements  consisting 
of  one  or  two  semiconductor  laser  amplifiers  (SLA)  are  very  attractive  for  this  purpose.  Here, 
the  cross-phase  modulation  due  to  the  gain-saturation  nonlinearity  of  SLAs  provides  the 
differential  phase  shift  required  for  interferometric  switching.  The  first  of  such  devices  was 
configured  as  a  Sagnac  interferometer  by  using  an  SLA  in  a  fiber  loop  mirror  (SLALOM)  [1]. 
Subsequently,  SLALOM  devices  were  used  as  demulitiplexers  in  high  bit  rate  OTDM 
experiments  [2-5].  So  far,  these  devices  have  been  assembled  using  discrete  SLA  components. 
Other  interferometer  arrangements  like  Mach-Zehnder  interferometer  (MZI)  or  Michelson 
interferometer  with  SLAs  provide  additional  flexibility  but  require  their  realization  as 
integrated  devices  for  stable  operation.  Recently,  we  developed  an  integrated  MZI  device  and 
demonstrated  its  use  in  40  Gbit/s  to  5  Gbit/s  demultiplexing  and  add/drop  multiplexing 
experiments  [6-7].  In  this  paper,  we  report  the  first  monoiithically  integrated  nonlinear  Sagnac 
interferometer  (NSI)  and  its  application  as  a  20  Gbit/s  all-optical  demultiplexer.  Such  a 
demultiplexer  requires  only  half  the  number  of  SLAs  and  3-dB  couplers  as  compared  to  the 
MZI  devices. 

Principle  of  Operation:  Figure  1  shows  schematically  the  InGaAsP/InP  Sagnac 
interferometer  consisting  of  a  single  SLA  and  a  3-dB  coupler  monoiithically  integrated  within  a 
waveguide  loop.  After  passing  through  the  3-dB  coupler,  data  (D)  and  control  (C)  pulses  are 
divided  into  clockwise  (CLW)  and  counter-clockwise  (CCW)  travelling  pulses  which  after 
traversing  the  loop  mirror  interfere  in  the  3-dB  coupler.  Since  the  SLA  is  located 
asymmetrically  within  the  loop,  the  CLW  and  CCW  pulses  pass  through  the  SLA  at  different 


Fig.l:  Schematic  of  Sagnac 

interferometer  device  for  all- 
optical  demultiplexing 
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times.  It  follows  that  the  CLW  and  CCW  data  pulses  experience  the  unsaturated  and  saturated 
(due  to  control  pulses)  gains  of  the  SLA,  respectively  (cf  Fig.  1).  This  difference  in  gain 
saturation  induces  a  differential  phase-shift,  which  causes  the  data  pulses  to  be  transmitted  to 
the  output  port.  Thus  a  demultiplexing  operation  is  achieved.  The  energy  of  data  pulses  is 
taken  to  be  sufficiently  small  such  that  they  do  not  saturate  the  SLA  and  hence  are  reflected 
back  to  the  input  port  in  the  absence  of  control  pulses. 

Device  design  and  fabrication:  Bulk  InGaAsP  quaternary  layers  buried  within  InP  cladding 
layers  with  approximate  bandgap  wavelengths  of  1.55  pm  and  1.3  pm  were  used  as  core  of  the 
active  and  passive  waveguides,  respectively.  Single  mode  waveguides  require  large  loop  radii 
due  to  the  inverse  relationship  between  mode  confinement  and  bend  losses.  Therefore,  we 
employed  double-moded  (only  in  lateral  direction)  passive  waveguides  and  chose  the  bend  radii 
(Ri=250  pm,  R2=500  pm)  in  such  a  way  that  the  losses  for  the  fundamental  and  first  order 
modes  are  small  and  large,  respectively.  Thus,  by  using  the  concept  of  mode-filtering  by 
circular  bends  we  realized  very  compact  low-loss  bends  together  with  single  mode  operation 
within  the  Sagnac  interferometer.  Moreover,  multi-mode-interference  (MMI)  devices  were 
employed  as  3-dB  couplers  due  to  their  compact  size  and  low  polarization  sensitivity.  The 
amplifying  and  MMI  sections  were  750  pm  and  204  pm  long,  respectively.  The  SLA  is 
asymmetrically  placed  in  the  loop  with  Al=1.5  mm,  such  that  the  time  delay  (switching 
window)  between  CLW  and  CCW  travelling  pulses  is  about  30  ps.  Note  that  a  40  %  saving  of 
chip  area  is  achieved  by  inverting  the  coupler  and  input/output  waveguides  so  that  they  are 
inside  the  loop.  Both  standard  and  inverted  interferometers  were  successfully  fabricated.  A  butt 
coupling  scheme  was  used  for  the  integration  of  active/passive  sections.  After  defining  the 
active  and  passive  sections  by  a  combination  of  wet  and  reactive  ion  etching,  selective  epitaxy 
was  performed  using  a  SiNx  mask  to  grow  the  semi-insulating  Fe:InP  blocking  layers.  All 

epitaxial  layers  (3  steps)  were  grown  by  low  pressure  (2x10  Pa)  metalorganic  vapor  phase 
epitaxy  (MOVPE)  at  670°C.  A  Ti02/Si02  double  layer  coating  was  employed  as  anti-reflection 
coating  for  both  facets. 

Pump-probe  and  demultiplexing  experiments:  In  order  to  study  the  switching  window 
under  dynamic  conditions,  a  pump-probe  experiment  was  performed  at  5  GHz.  Both  pump  and 
probe  pulses  were  injected  through  the  input  port  of  the  NSI.  These  pulses  were  derived  from 
two  tunable  hybrid  mode-locked  semiconductor  lasers  (TMLL)  which  are  described  in 
reference  8.  The  measured  output  power  of  the  NSI  as  a  function  of  pump-probe  delay  is 
shown  in  Fig.  2.  This  figure  indicates  a  contrast  between  the  on  and  off  states  to  be  better  than 
11  dB  and  a  switching  window  of  !«30  ps  as  expected.  The  experimental  set  up  for  the 
demultiplexing  experiment  using  an  inverted  interferometer  is  shown  in  Fig.  3.  An  optical  pulse 
stream  (>,=1532  nm)  was  generated  by  the  TMLL  with  3  ps  pulses  and  a  repetition  rate  of  5 
GHz.  These  pulses  were  intensity  modulated  with  a  pseudo  random  bit  sequence  (PRBS) 
having  a  word  length  of  2^1-1  using  an  external  modulator.  The  so  obtained  5  Gbit/s  data 
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signal  was  then  multiplexed  by  a  fiber  delay  line  multiplexer  to  a  10  or  20  Gbit/s  data  signal. 
This  data  signal  was  coupled  into  the  NSI  device  at  the  port  1  with  a  definite  state  of 
polarisation.  A  circulator  was  used  to  couple  in  control  pulses  (X,=1555  nm)  and  couple  out  the 
demultiplexed  data  pulses  via  port  2  of  the  NSI.  The  estimated  optical  power  coupled  into  the 
interferometer  was  0  dBm  for  the  control  pulses  after  taking  into  account  fiber-chip  coupling 
losses  of  about  7  dB  at  each  port.  Figure  4  shows  bit  error  rate  (BER)  measurements  on  the 
demultiplexed  data  signal  versus  the  received  power.  A  power  penalty  of  2.5  dB  due  to 
demultiplexing  can  be  seen  at  20  Gbit/s  as  compared  to  the  back-to-back  measurements.  The 
inset  in  Fig.  4  shows  an  eye-diagram  for  the  20  Gbit/s  experiment.  Note  that  there  is  a  clear 
eye-opening  with  no  indication  of  crosstalk.  In  all  experiments  the  synchronisation  of  data 
pulses  and  control  pulses  was  done  manually  such  that  an  optimum  BER  performance  is 
obtained. 

Conclusions:  We  have  realized  a  demultiplexer  photonic  integrated  circuit  (PIC)  by  monolithic 
integration  of  a  semiconductor  laser  amplifier  within  a  Sagnac  interferometer.  The  potential 
application  of  this  PIC  in  high  capacity  OTDM  systems  is  demonstrated  by  successfully 
performing  an  error-free  demultiplexing  experiment  from  20  Gbit/s  to  5  Gbit/s.  By  suitable 
modifications  of  the  present  design  such  nonlinear  SLALOM  devices  can  be  readily  improved 
to  achieve  polarization  independence,  superior  contrast  ratios,  reduced  fiber-chip  coupling 
losses,  and  operation  at  much  higher  bit-rates. 
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Introduction:  Semiconductor  external  modulators  are  increasingly  employed  in  high  speed 
and  long  haul  optical  fiber  communication.  A  highly  desirable  feature  of  an  external  light 
modulator  is  the  ability  to  generate  a  signal  with  a  negative  frequency  chirp.  Mach-Zehnder 
(MZ)  III-V  multiple-quantum-well  (MQW)  modulators  are  thus  increasingly  attractive  rela¬ 
tive  to  other  modulator  designs  because  of  their  adjustable  frequency  chirp,  low  drive  voltage, 
small  size,  long  term  reliability  and  potential  for  integration  with  laser  sources[l,  2,  3,  4]. 
Unfortunately,  in  III-V  MQW  MZ  modulators  where  the  two  arms  of  the  interferometer  are 
of  equal  length  and  the  power  splitting  ratio  50%,  the  nonlinear  electrooptic  effect  imparts 
a  small  positive  chirp  under  symmetric  push-pull  operation.  While  negative  chirp  can  be 
induced  by  designing  the  Y-junction  to  inject  less  optical  power  into  the  more  deeply  biased 
modulator  arm  and  employing  a  small  amount  of  overdrive,  [5]  the  back-to-back  extinction 
ratio  is  degraded.  In  this  paper  we  demonstrate  that  by  increasing  the  length  of  one  of  the 
modulator  arms  such  that  the  transmitted  optical  signal  is  shifted  by  tt  relative  to  the  other 
arm,  an  optimal  chirp  can  be  obtained  while  maintaining  a  high  extinction  ratio. 

Results: 

We  consider  in  this  paper  an  InP/InGaAsP  MQW  Mach-Zehnder  modulator  with  a  struc¬ 
ture  identical  to  that  discussed  in  [3]  except  that  one  modulator  arm  is  elongated  to  produce 
the  required  relative  tt  phase  shift  at  the  A  =  1.56/im  operating  wavelength.  This  additional 
waveguide  length  is  given  in  terms  of  the  modal  refractive  index  rie/ /  by 

^  =  2^"“  = 

Here,  we  will  demonstrate  the  advantages  of  this  tt  phase  shift  by  qualitatively  analyzing 
the  frequency  chirp  performance.  In  a  semiconductor  phase  modulator  the  larger  phase 
change  in  a  push-pull  configuration  occurs  in  the  more  deeply  DC-biased  arm  because  of  the 
nonlinear  nature  of  the  quantum  confined  Stark  effect.  Further,  for  a  single-mode  waveguide, 
the  total  optical  field  at  the  output  of  the  modulator  can  be  regarded  to  a  first  approximation 
as  a  weighted  summation  of  the  optical  field  from  the  two  separate  arms.  The  weight  factors 
depend  on  the  power  splitting  ratio  of  the  two  Y-junctions  and  the  photo-absorption  in  the 
modulation  section. 

In  Fig.  1(a)  ,  we  display  the  frequency  chirp  from  both  arms  in  a  conventional  III-V 
MQW  MZ  modulator.  The  device  is  driven  in  a  push-pull  configuration  and  is  switched 
from  an  off  to  an  on  state.  The  device  reaches  the  ”on”  or  ’’push”  state  when  both  arms 
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are  biased  equally.  The  phase  of  the  optical  field  in  a  given  arm,  which  we  label  arm  1,  is 
thus  decreased  when  the  device  is  switched  from  an  ”ofF’  to  ”on”  state  so  that  the  change  in 
frequency  A;/i  >  0  and  consequently  the  optical  field  is  blue-shifted.  By  the  same  reasoning 
A//2  <  0  and  the  optical  field  is  red-shifted  in  arm  2.  For  equal  voltage  push-pull  operation, 
|A;q|  >  |A;/2|  as  a  result  of  the  nonlinearity  of  the  electrooptic  effect.  Even  though  the 
photo-absorption  is  larger  in  the  more  deeply-biased  arm  1  compared  to  the  arm  2,  if  the 
Y-junction  splits  the  power  equally,  the  overall  effect  is  to  blue-shift  a  fraction  of  the  power 
present  in  the  rising  edge  of  the  optical  pulse. 

To  generate  instead  a  red-shifted  rising  edge  and  hence  a  negative  frequency  chirp  in  a 
Ill-V  MQW  Mach-Zehnder  modulator,  an  asymmetric  power  splitting  in  the  Y-junction  can 
be  employed[5].  This  method  reduces  the  optical  power  in  arm  1,  so  that  the  red-shift  in 
arm  2  dominates  the  behavior  of  the  rising  edge.  However,  since  less  power  is  then  inserted 
into  arm  1  while  the  photo- absorption  in  this  arm  is  also  larger,  the  extinction  ratio  of  such 
a  modulator  is  ~  lOdB  [4]. 

Fig.  1(b)  illustrates  our  novel  approach  and  shows  the  frequency  chirp  from  both  arms  of 
a  TT  phase  shifted  III-V  MQW  MZ  modulator.  The  device  is  switched  on  when  both  arms 
reach  the  pull-state.  The  phase  of  the  optical  field  in  arm  1  is  thus  decreased  when  the 
device  is  switched  from  the  ’’off”  to  ”on”  state  so  that  A/q  <  0,  red-shifting  the  optical 
field  in  arm  1.  At  the  same  time,  Au2  >  0  and  the  optical  field  is  blue-shifted  in  arm  2. 
Since  now  |A/q|  >  IA7/2I,  again  as  a  result  of  the  nonlinearity  of  the  electrooptic  effect,  the 
rising  edge  of  the  optical  pulse  is  red-shifted.  Although  such  a  tt  phase  shifted  modulator 
has  a  theoretically  infinite  extinction  ratio  for  a  symmetric  Y-junction,  in  practice,  to  obtain 
sufficient  negative  frequency  chirp,  slightly  more  power  must  be  directed  into  arm  1.  This 
small  asymmetry  does  not  however  significantly  affect  the  extinction  ratio. 

Having  established  the  basic  principle  of  operation  of  the  phase-shifted  modulator,  we 
now  present  the  actual  device  characteristics.  TE-polarized  light  from  a  1.56/im  DFB  laser 
was  coupled  through  a  lO/rm-radius  tapered  fiber  into  an  MZ  modulator.  Light  was  coupled 
out  of  the  modulator  using  a  similar  tapered  fiber  resulting  in  an  overall  insertion  loss  of 
11.2dB.  As  expected,  the  modulator  is  in  the  off-state  at  zero  applied  voltage  with  a  switching 
voltage  of  «  4.0V.  The  DC  extinction  ratios  is  measured  to  be  15.8dB  and  lO.ldB  for  arm 
1  and  arm  2,  respectively. 

The  chirp  characteristic  of  the  modulator  was  investigated  using  a  scanning  Fabry-Perot 
filter  that  transforms  frequency  modulation  into  amplitude  modulation.  [6]  The  3dB  band¬ 
width  of  the  filter  was  0.43nm.  The  modulator  was  mounted  on  a  high  speed  carrier  and 
driven  in  a  push-pull  configuration  using  a  long  sequence  of  ones  and  zeros  from  a  12  GHz 
HP-70843  pattern  generator.  After  the  bias-tee  each  arm  received  a  1.6V  peak-to-peak  sig¬ 
nal  having  less  than  a  40ps  rise  and  fall  time  and  an  average  bias  of  —3.0V  in  arm  1 
and  -l.OV  in  arm  2.  Fig.  2  shows  the  intensity  waveform  and  time-resolved  frequency 
chirp.  The  magnitude  of  the  red-shifted  transient  chirp  on  the  rising  edge  of  the  wave¬ 
form  is  approximately  3GHz.  This  is  the  first  chirp  measurement  published  for  a  III-V  MZ 
modulator. 

Finally  we  examined  the  lOG bit/s  NRZ  transmission  performance  of  a  modulator  co¬ 
packaged  with  a  1557nm  strained-layer  MQW  DFB  laser.  Measurements  were  performed 
using  a  standard  single  mode  fiber  with  zero  dispersion  at  1310nm  and  17ps/(nm  km)  at 
1550nm.  The  modulator  was  driven  with  a  peak-to-peak  amplitude  of  1.4V  and  average 
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biases  on  arms  1  and  2  of  —3.2V  and  —0.7V  respectively.  This  choice  gives  an  AC  extinc:tion 
ratio  of  IS.ldB.  The  same  device  produced  a  DC  extinction  ratio  of  18dB.  Fig.  3  shows 
the  0km  and  85km  eye  diagrams  obtained  using  a  32GHz  high-speed  PIN  detector.  The 
performance  of  the  transmitter  with  larger  dispersion  was  also  investigated.  Fig.  4  shows 
the  receiver  sensitivity  at  10“®  BER  and  lOGb/s  versus  distance  in  conventional  fiber.  Like 
other  system  measurements  using  prechirped  sources,  the  curve  initially  shows  improvement 
in  receiver  sensitivity  up  to  a  distance  of  105km.  At  120km,  the  dispersion  penalty  is  only 
0.7dB. 

Conclusions:  By  introducing  a  tt  phase  shift  in  an  III-V  MZ  device,  we  have  simultaneously 
achieved  excellent  extinction  ratio  and  the  required  spectral  characteristics  for  lOGb/s  op¬ 
eration.  Extinction  ratios  of  >  16dB  are  routinely  achieved  while  transmission  over  120km 
of  conventional  fiber  gives  only  a  0.7dB  of  dispersion  penalty.  We  have  thus  demonstrated  a 
high-performance  optical  source  with  the  spectral  and  waveform  characteristics  required  for 
emerging  high-bandwidth  transport  systems. 
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Fig.2  Time  resolved  frequency  chirp  measurement 
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Introduction 

Recently,  a  growing  interest  has  been  given  to  the  development  of  travelling-wave 
photodetectors.  In  [1]  Wu  et  al.  report  on  a  AlGaAs/GaAs  travelling-wave  photodetector  array 
consisting  of  27  discrete  pin  photodiodes  periodically  arranged  along  an  electrical  and  an 
optical  waveguide.  The  measured  pulse  response  is  50  ps  resulting  in  a  3dB-bandwidth  of 
about  20  GHz.  Hietala  et  al.  [2]  describe  a  coplanar  travelling-wave  photodetector  on  GaAs 
substrate  with  a  3dB-bandwidth  of  4.8  GHz  at  1  pm.  Bowers  et  al.  [3]  have  studied  a  7  pm 
long  waveguide  photodetector  on  GaAs  with  a  bandwidth  of  about  1 70  GHz  at  0.83  pm. 

In  this  paper,  we  discuss  the  characteristics  of  a  coplanar  InGaAIAs/InP  Schottky  travelling- 
wave  photodetector  with  a  cut-off  frequency  >  40  GHz  at  1 .3  pm. 


1.  Schottky  travelling-wave  photodetector 

The  general  outline  of  the  coplanar  travelling-wave  photodetector  is  shown  in  Fig.  1.  It 
consists  of  an  electrical  coplanar  waveguide  coupled  to  an  optical  waveguide  (hatched 
region).  The  ground  metalizations  form  ohmic  contacts  to  the  semiconductor  and  the  center 
conductor  a  Schottky  contact.  As  a  result,  the  electric  bias  field  of  this  diode  is  concentrated  in 
the  depletion  layer  containing  the  optical  waveguide  underneath  the  center  conductor.  Optical 
waveguiding  is  achieved  using  a  strip  loaded  waveguide  including  an  optical  absorbing  layer. 


Pel 


Fig.  1:  Sketch  of  the  travelling-wave  photo¬ 
detector.  P^pf  and  Pgi  are  the  input  optical 
and  output  electrical  power,  respectively. 


Fig.  2:  Equivalent  circuit  of  the  travelling-wave 
photodetector  [4].  All  elements  are  per  unit 
length. 
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2.  Simulation 

The  equivalent  circuit  for  electrical  wave  propagation  on  the  travelling-wave  photodetector  is 
shown  in  Fig.  2.  The  impedances  W'jj,  and  R'  describe  the  longitudinal  ohmic  losses  in  the 
metalization  and  the  semiconductor,  respectively.  The  inductance  of  the  electrical  waveguide 
is  considered  by  the  inductance  L'.  The  capacitance  C'l  describes  the  electric  field  in  air  of  the 
coplanar  line,  and  the  capacitance  C  and  the  conductance  G'  the  electrical  behaviour  of  the 
depletion  layer.  Additionally,  a  conductance  G'g  and  a  capacitance  C'b  are  introduced  for  the 
bulk  material.  The  impressed  current  source  rph(x,t)  describes  the  opto-electric  conversion.  In 
case  of  the  travelling-wave  photodetector  the  distributed  generation  of  electron-hole-pairs 
results  in  a  wave  for  the  generated  photocurrent. 

The  travelling-wave  photodetector  exhibits  highest  bandwidth  and  optimum  power  conversion 
under  phase  matching  condition,  which  occurs  when  the  electrical  and  optical  waves  travel 
with  the  same  phase  velocity. 

In  Fig.  3  the  calculated  phase  velocity  of  a  Schottky  contact  coplanar  waveguide  are  shown 
for  different  gap  widths  d  and  center  conductor  widths  w  using  the  equivalent  circuit  model 
and  the  material  constants  of  the  travelling-wave  photodetector  in  Fig.  4.  Phase  matching  can 
be  achieved  because  the  Schottky  capacitance  C  leads  to  slow- wave  effects  [5].  Hence,  phase 
matching  is  obtained  by  a  careful  design  of  the  microwave  structure,  as  the  properties  of  the 
optical  waveguide  are  fixed  due  to  the  given  structure  and  material  constants.  From  Fig.  3  one 
concludes  that  phase  matching  is  achievable,  for  a  gap  width  and  a  center  conductor  width  of 
5  pm. 


3.  Device  strucure 

The  structure  of  the  travelling-wave  photodetector  is  shown  in  Fig.  4.  A  600  run  InGaAlAs  n- 
doped  optical  waveguiding  layer,  a  30  run  InGaAs  absorbing  quantum-well  layer,  and  a  400 
nm  InAlAs  cladding  layer  are  grown  on  semiinsulating  InP-substrate.  The  metalization 


InAlAs 


.InGaAs  QW 


InGaAlAsiSi  optical  waveguide 


InP  substrate 


Fig.  4:  Sketch  of  the  travelling-wave  photo- 

Fig.  3:  Calculated  microwave  phase  velocity 
versus  gap  width.  Parameter  is  the  center 
conductor  width  w.  The  points  of  intersection 
with  the  dotted  line  (optical  phase  velocity) 
show  the  phase  matching  condition. 
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frequency  (GHz) 

Fig.  5:  Measured frequency  response  of  the  travelling-wave  photodetector. 

consists  of  GeNiAu  for  the  ohmic  contacts  and  PtTiPtAu  for  the  Schottky  contact. 

For  hybrid  integration  the  electrical  transmission  line  is  flip-chip-  or  wire-bonded  to  other 
semiconductor  circuits.  Monolithic  integration  is  also  possible,  when  the  travelling-wave 
photodetector  is  grown  on  top  of  a  HEMT-  or  HFET-structure.  The  optical  absorption  in  the 
FIFET-  or  HEMT-layers  can  be  reduced  by  growing  an  ARROW-structure  as  a  reflecting 
cladding  layer  between  microwave  and  optical  layers  [6]. 


4.  Measurements 

Measurements  of  the  optoelectronic  characteristics  of  the  travelling-wave  photodetectors  are 
carried  out  using  a  heterodyne  setup  with  two  diode-pumped  1.3  pm  YAG-lasers  and  a 
spectrum  analyzer.  The  wavelengths  of  the  two  lasers  are  tunable,  generating  beating 
frequencies  up  to  60  GHz.  The  generated  electrical  signals  are  measured  via  an  on-wafer 
prober  and  the  spectrum  analyzer.  The  result  for  a  travelling-wave  photodetector  with  a  device 
length  of  about  1  mm  is  shown  in  Fig.  5.  Obviously,  the  3dB  bandwidth  is  >  40  GHz.  In 
contrast  to  usual  RC-limited  photodetectors  the  travelling-wave  photodetector  shows  only  a 
slight  decay  in  the  frequency  response.  We  conclude  therefore,  that  the  photodetector  can  be 
used  up  to  frequencies  of  60  GHz  and  possibly  above. 

Finally,  it  should  be  mentioned  that  the  low  frequency  impedance  of  the  travelling-wave 
photodetector  with  a  device  length  of  1mm  lead  to  a  calculated  3dB-bandwidth  of  merely  2 
GHz.  This  bandwidth  is  much  lower  than  the  measured  bandwidth  indicating  the  functionality 
of  the  travelling-wave  principle. 
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5.  Summary 

In  this  paper  we  have  shown,  that  travelling-wave  photodetectors  can  meet  the  current 
requirements  for  ultra-high-speed  operation.  In  particular  we  have  found,  that  travelling-wave 
photodetectors  are  not  limited  by  the  usual  RC-time  constant.  Microwave  properties 
determine  the  bandwidth  and  the  input  impedance  is  given  by  the  characteristic  impedance  of 
the  transmission  line.  Due  to  the  Schottky  contact  waveguide,  slow  wave  properties  arise, 
which  allow  a  phase  matched  design  of  the  travelling-wave  photodetector.  As  a  result,  the 
travelling-wave  photodetector  shows  a  3dB  bandwidth  >  40  GHz,  which  to  our  knowledge  is 
the  highest  bandwidth  reported  up  to  now  for  a  device  with  a  length  of  1  mm. 
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Extremely  fast  modulation  response  of  optical  phase  delay  in  a  waveguide  modulator  is 
required  for  photonic  integrated  circuits  (PICs)  to  operate  with  mm-wave  signals.  Single  phase 
modulators,  paired  phase  modulators  in  a  Mach-Zehnder  interferometer,  or  more  complex 
arrangements  can  be  used  for  mm-wave  modulation  of  light  in  either  phase,  amplitude,  or 
frequency.  Standard  lumped-element  devices  are  bandwidth  limited  by  the  RC  time-constant  of 
the  structure.  Distributed,  or  traveling-wave  designs  have  been  developed  to  surpass  the  RC 
limit.  With  distributed  structures  the  bandwidth  limit  is  determined  by  loss  of  phase 
synchronism  between  the  optical  and  RF  wavefronts  within  the  length  of  the  device.  The 
generally  different  propagation  constants  of  the  optical  and  RF  waves  leads  to  a  limiting  length- 
bandwidth  product  in  the  modulation  response.  In  the  limit  of  zero  velocity  mismatch  the 
modulation  bandwidth  is  then  limited  by  RF  loss  in  the  transmission  line.  Velocity  matching  in 
undoped  or  low-doped  semiconductor  optoelectronic  modulators  typically  involves  use  of  a 
slow-wave  transmission  line  electrode  structure.  Several  successful  techniques  have  been 
developed[l-2],  but  undoped  structures  offer  low  electrooptic  efficiency,  resulting  in  undesirably 
large  devices.  We  disclose  a  device  using  doped  semiconductor  structures  to  increase  efficiency 
in  a  traveling-wave  modulator.  This  new  design  is  demonstrated  to  have  a  bandwidth  greater 
than  40  GHz  in  a  Mach-Zehnder  intensity  modulator  operating  at  1.32  |xm  wavelength  while 
maintaining  V„  =  lOV  with  a  phase  modulator  section  only  Imm-long. 

Electrooptic  efficiency  can  be  dramatically  increased  through  the  appropriate  use  of  doping  in 
a  semiconductor  optical  waveguide.  A  p-i-n  junction  centered  on  the  optical  mode  of  the 
waveguide  concentrates  the  applied  electric  field  within  the  optical  mode,  yielding  higher  optical 
phase  shift  per  unit  applied  voltage  compared  to  undoped  waveguides.  The  improved  efficiency 
permits  the  use  of  shorter  modulators  for  a  given  applied  voltage.  Use  of  doped  waveguides 
does  increase  the  optical  loss  but  the  overall  loss  of  the  device  can  be  similar  to  an  undoped 
design  due  the  reduced  length.  [3] 

Figure  (1)  shows  the  cross-section  of  the  optical  phase  modulator  used  in  the  high-speed 
Mach-Zehnder.  The  waveguide  comprises  an  (Al,Ga)As  cutoff-mesa  rib  optical  waveguide.[4] 
A  p-i-n  junction  with  a  0.6  |Lim  undoped  thickness  is  centered  on  the  0.2  |j,m  thick  GaAs 
waveguide  core.  The  upper  waveguide  rib  is  2  |im  wide,  the  waveguide  mesa  is  10  |im  wide. 
The  microwave  transmission  line  comprises  a  14  pm-wide  Au  strip  balanced  on  the  waveguide 
and  ground-plane  metalization  contacting  a  continuous  n^  GaAs  layer  placed  below  the  etched 
mesa.  Vertical  and  horizontal  spacing  between  the  ground  metalization  and  the  center  strip,  is 
used  to  control  the  microwave  phase  velocity.  The  intrinsic  region  thickness  also  has  a  strong 
influence  on  the  microwave  phase  velocity.  However,  this  thickness  is  kept  at  a  practical 
minimum  in  order  to  maintain  the  desired  high  optical  modulation  efficiency. 

A  quasi-TEM  transmission-line  model  was  used  to  predict  the  transmission  line  characteristics 
and  phase  modulation  response  versus  frequency.  At  30  GHz,  the  microwave  index,  loss  and 
characteristic  impedance  are  calculated  to  be  3.31,  2  dB/mm  and  (22  -  0.56j)  Ohms  respectively. 
The  microwave  index  is  well  matched  with  the  optical  modal  index  of  3.3134  at  the  1.32  pm 
wavelength  calculated  using  a  two-dimensional  finite  difference  technique.  Using  theoretical 
transmission-line  losses,  ideal  impedance  matching  at  the  source  and  load  and  a  fixed 
electrooptic  efficiency,  the  model  indicates  that  a  1  mm-long  device  would  have  a  bandwidth 
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between  50  and  100  GHz  (Figure  2).  This  model  is  expected  to  overestimate  the  bandwidth  to 
some  extent  as  the  RF  loss  is  known  to  increase  with  frequency. 

Mach-Zehnder  intensity  modulators  were  fabricated  using  epitaxial  layers  grown  by 
molecular-beam-epitaxy.  All  etching  was  by  chlorine  reactive  ion  beam  etching.  A  PMGI-based 
air-bridge  metal  plating  technique  was  used  to  create  the  central  metal  strip  balanced  on  the 
waveguide  rib.  The  transmission  line  was  terminated  at  both  ends  with  pads  placed  directly  on 
the  semi-insulating  substrate  for  Cascade  microprobes.  Final  cleaved  devices  were  3  mm  in 
length  including  the  1  mm-long  phase  modulator,  input  and  output  waveguides  and  optical 
power  combiners/splitters  occupied  the  remaining  length.  The  two  arms  of  the  Mach-Zehnder 
were  driven  asymmetrically  with  one  arm  held  to  ground  potential  and  the  other  comprising  the 
high-speed  phase  modulator. 

Small  signal  electrical  response  was  measured  to  40  GHz  using  an  amplitude  modulated 
microwave  signal[5]  and  a  DC-bias  of  -10  V.  As  seen  in  Figure  (3),  the  response  is  fairly  flat 
out  to  20  GHz  with  a  peak  at  30  GHz.  The  device  does  not  show  a  -3dB  roll-off  within  the  40 
Ghz  measured  frequency  range.  The  peak  at  30  GHz  is  most  likely  a  resonance  caused  by  the 
use  of  50  Ohm  probes,  cables  and  output  termination  on  the  22  Ohm  transmission-line  structure. 
This  impedance  mismatch  was  not  included  in  the  model  of  Figure  (2).  Use  of  proper 
impedance-matching  techniques  should  flatten  the  resonance,  providing  a  more  uniform 
frequency  response.  S-parameter  measurements  up  to  20  GHz  were  performed  using  a  network 
analyzer.  From  this  data,  the  measured  RF  loss  of  a  1  mm-long  device  is  seen  to  increase 
monotonically  from  1.3  to  2.4  dB/mm  between  10  and  20  GHz. 

In  conclusion,  a  Mach-Zehnder  intensity  modulator  at  1.32  pm  wavelength  has  been 
demonstrated  with  a  modulation  bandwidth  greater  than  40  Ghz.  The  device  uses  a  doped  p-i-n 
semiconductor  junction  for  high  electrooptic  modulation  efficiency  and  small  overall  size.  The  1 
mm-long  modulator  section  has  a  Vjj  =  lOV,  comparable  to  undoped  semiconductor  designs  of 
much  greater  length. 

This  work  was  supported  by  the  United  States  Department  of  Energy  under  Contract  DE- 
AC04-94AL8500. 
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Figure  1;  Cross-section  view  of  the  traveling- 
wave  phased  modulator  with  doped  p-i-n 
waveguide  design.  Figure  is  drawn 
approximatly  to  scale.  The  outer  Au  ground- 
plane  metalizations  extend  beyond  the  edges  of 
the  drawing. 


Figure  2.  Theoretical  traveling-wave  phase 
modulator  response  as  function  of  frequency. 
Dashed  line  is  0.5  mm  long  device.  Solid  line 
is  2  mm  long  device. 
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Figure  3:  Relative  small-signal  electrical  response  of  a  Mach-Zehnder  intensity  modulator 
employing  a  1  mm-long  phase  modulator  of  the  design  in  Figure  (1).  Data  spans  150  Mhz  to 
40  GHz. 
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Towards  Low  Cost  Single-Mode  Fibre  Optic  Components 


David  G.  Parker 


Hewlett  Packard  Fibre  Optic  Components 
White  House  Road 
Ipswich 
England 


1.  Introduction 


The  advantages  of  using  fibre  optic  technology  for  communication  are  widely 
publicised.  Proponents  discuss  at  length  the  seemingly  endless  bandwidth  potential, 
long  distance  capability,  inherent  security,  future  proofing  through  upgrades  such  as 
Wave  Division  Multiplexing  (WDM)  etc.  Competing  technologies  such  as  wireless 
will  raise  debate  over  infrastructure,  conventional  copper  is  entrenched  for  broadband 
broadcast  distribution  and  the  bandwidth  of  twisted  pair  solutions  seems  to  continue 
to  push  upwards. 

In  long  haul  or  back  bone  applications  there  is  little  doubt  that  fibre  is  the  technology 
of  choice.  The  real  debate  is  the  optimum  solution  for  what  is  often  termed  "the  last 
mile(s)".  This  again  will  depend  on  the  success  of  competing  technologies,  resolution 
of  regulatory  issues  which  clearly  distort  the  who,  when  and  why  ?  of  deployment 
strategy  and  ultimately  cost.  This  paper  will  concentrate  on  one  cost  element :  that  of 
single  mode  fibre  optic  components.  However,  I  must  stress  that  this  is  but  one  factor 
in  the  deployment  argument.  The  paper  will  concentrate  on  active  Transmitter  and 
Receiver  Components. 


2.  The  Requirements  for  Single  Mode  Components 

The  choice  of  components  is  influenced  by  several  notable  factors 
Cost 

Complexity  ;  How  much  complexity  or  functionality  is  to  be  included 
within  the  0-E  element  or  added  at  the  system  level  ? 


Reliability 
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Commercial  issues  :  These  often  include  vendor  performance  criteria 
such  as  delivery  and  partnership  arrangements 

The  relative  emphasis  depends  upon  the  market  segment.  For  example,  for  an 
undersea  application  reliability  become  all  pervasive.  Cost,  however,  dominates  the 
argument  the  further  into  the  network  one  considers  as  the  total  cost  of  the  fibre  link 
is  shared  amongst  fewer  customers. 

The  choices  available  depend  upon  the  specification  requirements  of  the  component. 
However,  there  are  several  common  themes.  Figure  1 .  represents  a  generic  single 
mode  fibre  optic  Transmitter  and  a  proposed  evolutionary  equivalent.  These  can  be 
summarised  as  follows 

Active  device  :  One  of  the  biggest  trade-offs  is  in  this  area.  The  cost  of  the 
active  laser  is  driven  by  the  cost  of  material  (including  Epitaxial  layers), 
fabrication  and  test  cost.  In  general  this  amounts  to  around  $l/mm^  where 
large  area  epitaxy  is  employed,  such  as  MOVPE.  The  dominant  total  cost  is 
in  the  yield  of  the  resultant  devices.  Providing  that  this  is  maintained  at 
reasonable  levels  then  the  biggest  contribution  to  cost  reduction  from  the 
active  element  is  to  enable  low  cost  packaging  (see  below). 

Sub  Package  :  The  challenge  is  to  maintain  high  coupling  efficiencies  over  a 
wide  temperature  range  (typically  -40  to  +85°C)  and  life.  In  our  example  this 
has  been  achieved  by  modifying  the  beam  shape  to  better  match  the  NA  of  the 
fibre.  Lasers  that  operate  at  high  temperature  with  low  threshold  currents  and 
little  degradation  (high  To)  also  enable  the  use  of  inexpensive  heatsinking 
material.  It  may  be  possible  to  utilise  this  material  to  form  the  primary  chassis 
to  hold  both  the  laser  and  the  fibre  e  g.  Si  micromachining. 

Circuits  ;  The  requirements  of  the  laser  such  as  lower  threshold  currents,  and 
the  increasing  performance  of  low  cost  IC  technologies  such  as  CMOS  should 
allow  significant  reduction  in  the  cost  of  IC's  incorporated  into  EO  modules. 

Interconnect ;  Traditional  chips  and  wire  hybrids  have  already  given  way  to 
SMT's.  In  our  example  this  has  been  extended  to  a  leadframe  to  further 
reduce  cost. 

Outer  Package  :  Current  experience  dictates  the  use  of  an  hermetic  enclosure. 
This  fundamental  remit  is  currently  being  challenged. 


3.  A  State  of  the  Art  Receiver  Solution 


At  Hewlett  Packard  the  approach  outlined  in  2.  has  already  been  implemented  for  a 
receiver  solution.  Figure  2.  shows  an  exploded  view.  The  receiver  is  built  directly 
onto  a  leadframe  using  precision  placement  of  the  Photodetector  element.  The 
preamp  and  passive  components  are  then  added  prior  to  encapsulation.  During  the 
transfer  moulding  a  lens  is  formed  in  the  encapsulant  which  is  passively  aligned  to  the 
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position  of  the  Photodetector.  This  assembly  is  then  clipped  onto  a  simple  external 
housing  with  fibre  assembly.  The  manufacturing  process  is  highly  mechanised.  The 
product  replaces  a  conventional  chip  and  wire  or  TO+  PCB  approach  saving  around 
50%  of  the  cost.  Hence,  this  approach  has  met  its  objectives  of  utilising  available 
technology  to  produce  a  scaleable,  low  cost  component. 


4.  The  Role  of  Integration 

The  approach  shown  in  Figure  1.  does  utilise  a  low  level  of  integration  ;  in  that  a  laser 
is  integrated  with  a  monitor  diode  and  a  waveguide.  This  low  level  of  integration 
would  clearly  enable  the  "hybrid"  approach  discussed.  Currently,  however,  the 
performance  of  the  module  would  be  compromised.  For  example  such  a  laser  would 
be  processed  using  dry  etched  facets  which  have  yet  to  be  demonstrated  to  exhibit  the 
low  threshold  currents  and  high  operating  temperature  of  conventional  cleaved  facets 
(e.g.  Ith  of  20-25mA  @  25‘’C  vs.  5-8mA  for  conventional  devices  [4]).  Herein  lies  a 
key  challenge  for  process  development  activities. 

There  are  examples  where  a  higher  level  of  integration  becomes  a  more  compelling 
argument.  In  figure  3  the  evolution  of  a  bi-directional  module  is  outlined.  The  first 
step  from  a  spliced  solution  to  a  "hybrid"  is  difficult  and  may  be  an  inappropriate 
compromise.  The  integrated  one  chip  solution  may  well  be  the  complete  enabler  for 
such  an  approach.  The  challenge  remains  to  achieve  the  performance  required  by  the 
system  needs  at  a  lower  total  cost. 


5.  Conclusion 


The  key  to  cost  is  Total  Cost.  Solutions  must  meet  the  customer  need  in  terms  of 
cost-performance  trade-offs  whilst  maintaining  quality  and  reliability  standards  that 
are  well  established.  Integrated  photonics  can  act  as  an  enabler  providing  the 
performance  of  the  module  is  not  adversely  affected,  and  in  some  instances  may  have 
genuine  advantages. 
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BI-DIRECTIONAL  MODULE  IMPLEMENTATION 
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OVERALL  MODULE  SIZE  OVERALL  MODULE  SIZE  OVERALL  MODULE  SIZE 

approx.  150x100x25mm  approx.  15x15x10  mm  approx.  10X6X3  mm 


ITuH2-l  /  393 


LOW-COST  AUTOMATED  FIBER  PIGTAILING  MACHINE 

Oliver  T.  Strand 

Lawrence  Livermore  National  Laboratory 
Livermore,  CA 


Introduction 

At  present,  the  high  cost  of  optoelectronic  (OE)  devices  is  caused  in  part  by  the  labor- 
intensive  processes  involved  with  packaging.  Automating  the  packaging  processes  should  result 
in  a  significant  cost  reduction.  One  of  the  most  labor-intensive  steps  is  aligning  and  attaching  the 
fiber  to  the  OE  device,  the  so-called  pigtailing  process.  The  god  of  this  2-year  ARPA-funded 
project  is  to  design  and  build  3  low-cost  machines  to  perform  sub-micron  alignments  and 
attachments  of  single-mode  fibers  to  different  OE  devices.  These  Automated  Fiber  Pigtailing 
Machines  (AFPMs)  are  intended  to  be  compatible  with  a  manufacturing  environment  ^d  have  a 
modular  design  for  standardization  of  parts  and  machine  vision  for  maximum  flexibility.  This 
work  is  a  collaboration  among  Uniphase  Telecommunications  Products  (formerly  United 
Technologies  Photonics,  UTP),  Ortel,  Newport/Klinger,  the  Massachusetts  Institute  of 
Technology  Manufacturing  Institute  (MIT),  and  Lawrence  Livermore  National  Laboratory 
(LLNL).  UTP  and  Ortel  are  the  industrial  partners  for  whom  two  of  the  AFPMs  are  being  built. 
MIT  and  LLNL  make  up  the  design  and  assembly  team  of  the  project,  while  Newpoil/Klinger  is 
a  potential  manufacturer  of  the  AFPM  and  provides  guidance  to  ensure  that  the  design  of  the 
AFPM  is  marketable  and  compatible  with  a  manufacturing  environment.  The  AFPM  for  UTP 
will  pigtail  LiNbOs  waveguide  devices  and  the  AFPM  for  Ortel  will  pigtail  photodiodes.  Both 
of  these  machines  will  contain  proprietary  information,  so  the  third  AFPM,  to  reside  at  LLNL, 
will  pigtail  a  non-proprietary  waveguide  device  for  demonstrations  to  US  industry. 


AFPM  Design 

The  AFPM  (Figure  1)  is  designed  to  be  low- 
cost  (<$150K),  modular,  flexible,  and  compatible 
with  a  manufacturing  environment.  The 
performance  goals  of  the  AFPM  are  to  perform 
each  pigtailing  operation  in  less  than  3  minutes 
(including  the  epoxy  ctuing  time)  and  to  operate 
unattended  for  up  to  1  hour.  During  the 
alignment  operation,  the  OE  device  is  held  fixed 
while  the  ends  of  the  fibers  are  moved  by  the 
high-precision  stages.  These  machines 
incorporate  a  2-step  procedure  to  perform  sub¬ 
micron  alignments.  The  first  step  uses  computer 
vision  to  align  the  fiber  sufficiently  close  (few 
microns)  to  the  OE  device  to  couple  light 
between  the  fiber  and  the  device;  the  second  step 
then  achieves  the  sub-micron  alignment  by 
maximizing  the  light  throughput.  The  overall 
design  of  the  AFPM  was  carefully  considered  to 
minimize  the  requirements  for  high-precision 
machining  tolerances;  this  greatly  reduced  the 
cost  of  building  the  AIT*M.  The  modular  nature 
of  the  AFPM  means  that  each  machine  may  be 
easily  customized  for  a  particular  application. 


Vision 


Figure  1.  The  Ortel  AFPM  has  one  high-precision 
stage  mounted  on  the  left  side  of  the  frame. 
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For  this  project,  a  basic  set  of  modules  was  designed  to  build  prototype  AFPMs  which  can  pigtail 
devices  witih  3  very  different  geometries  including  a  photodiode  and  two  different  types  of 
waveguide  devices;  a  different  set  of  the  same  modules  would  allow  laser  diodes  to  be  pigtailed, 
for  example.  Considerable  effort  was  put  into  the  parts  handling  scheme  which  allows  the 
AFPM  to  operate  unattended  for  significant  amounts  of  time.  A  conveyor  system  is  provided  to 
deliver  the  OE  devices  to  the  alignment  stages  and  vision  system.  A  description  of  several 
modules  is  given  in  the  following  sub-sections. 


Fiber 


Vision  Modulg 

The  vision  system  greatly  reduces  mechanical 
fixturing  constraints  by  requiring  the  critical 
components  to  be  positioned  only  within  the  field 
of  view  of  the  camera.  The  field  of  view  for  all  3 
AFPMs  is  approximately  1  mm  by  1.2  mm  with 
approximately  2  micron  resolution  (Figure  2). 

Achieving  mechanical  precisions  sufficient  to 
locate  the  OE  device  and  the  ends  of  the  fibers 
within  this  field  of  view  is  fairly  straightforward. 

Object-recognition  algorithms  written  by  LLNL 
allow  the  AFPM  to  determine  the  initial  locations 
of  the  OE  device  and  the  fiber;  this  image 
analysis  takes  between  1  second  to  6  seconds, 
depending  upon  the  complexity  of  the  image. 

The  2-micron  resolution  of  the  vision  system 
allows  the  fiber  to  be  moved  to  within  a  few 
microns  of  the  desired  initial  position.  This  is 
sufficiently  accurate  to  ensure  that  some  coupling 
of  light  between  the  OE  device  and  the  fiber  will 
occur.  At  this  point,  the  AFPM  switches  to  active 

feedback  to  perform  the  sub-micron  alignment,  that  is,  the  AFPM  performs  a  series  of  peak¬ 
finding  motions  until  the  coupling  efficiency  is  maximized. 


Fiducials 

OE  device 

Figure  2.  This  schematic  of  a  camera  image  shows 
the  waveguide  device  (Mi  the  left  side  of  the  image  and 
the  end  of  a  fiber  on  the  right  side.  Fiducials  indicate 
where  the  invisible  waveguides  are  located.  The 
dotted  lines  indicate  the  computer-found  locations  for 
the  waveguides  and  the  fiber  end. 


High-precision  Stages 

The  high-precision  stages  were  designed  and  built  by  MIT  after  extensive  discussions  with 
UTP  and  Ortel  regarding  the  required  resolution  and  range.  The  required  resolution  was 
determined  by  the  mode  size  of  the  UTP  waveguide  device  operating  at  830  nm  and  the 
corresponding  single-mode  fiber  to  be  pigtailed.  The  resolution  of  the  stages  needs  to  be  a  small 
fraction  of  the  waveguide  dimensions  to  ensure  high  coupling  efficiencies.  For  the  AFPMs,  the 
chosen  resolutions  for  the  stages  were  0. 1  micron  in  the  lateral  dimensions  and  0.5  micron  in  the 
longitudinal  dimension.  The  range  of  the  stages  was  determined  by  the  working  volume  required 
by  the  AFPM  to  access  the  interior  of  the  14-pin  DIP  package  of  the  Ortel  photodiode;  for  this 
project,  the  range  of  the  high-precision  stages  was  chosen  to  be  25  mm  in  each  of  three 
translation  directions.  The  issue  of  whether  to  include  fiber  roll  in  the  AFPM  created 
considerable  discussion.  Ultimately,  roll  was  not  included  for  this  project  once  satisfactory 
mechanical  fixturing  was  designed  to  accommcxiate  this  degree  of  freedom. 

Parts  Handling 

One  of  the  ori^al  design  criteria  for  the  AFPM  was  that  it  should  operate  unattended  for  at 
least  an  hour;  this  implies  that  at  least  20  pigtails  will  be  performed  without  operator 
intervention.  The  issue  of  parts  handling  and  feeding  becomes  important  for  an  automated 
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system  compatible  with  a  manufacturing  environment.  Many  aspects  of  the  electronics  industry 
are  fully  automated  in  terms  of  feeding  parts  to  the  assembly  stage,  so  the  technology  is  well 
developed.  For  this  project,  however,  a  parts  handling  scheme  was  develop^  which  leUes  upon 
the  operator  to  load  the  OE  device  and  the  fibers  into  a  tray,  the  so-called  kit  tray  (Figure  3).  A 
set  of  six  loaded  kit  trays  is  placed  onto  a  pallet  by  the  operator  who  then  places  the  pallet  onto 
the  conveyor  system  of  the  AFPM.  The  conveyor  system  may  be  chosen  to  have  any  length 
necessary  to  allow  the  desired  time  of  unattended  operation. 

The  kit  tray  is  designed  for  easy  placement  of  the  OE  device  and  the  fibers  with  sufficient 
accuracy  to  allow  alignment  by  the  AFPM.  The  overall  design  of  the  kit  tray  is  stanch^  for  all 
applications.  The  tray  body  is  cast  from  hard  plastic  which  allows  25  micron  repeatability  of  the 
placement  of  the  OE  device  with  respect  to  the  vision  system  from  tray  to  tray.  The  kit  tray  can 
hold  up  to  four  spools  of  fiber  depending  upon  the  type  of  OE  device  to  be  pigtailed. 
Unfortunately,  every  OE  device  has  a  different  geometry  so  no  standardization  of  the  kit  tray  was 
possible  for  the  fixture  to  hold  the  device.  The  kit  tray  body  is  designed  to  accommodate  a 
device  cartridge  which  fits  onto  the  top  of  the  kit  tray;  the  device  cartridge  is  one  of  the  few 
AFPM  components  which  must  be  custom  designed  for  each  OE  device  application. 


Figure  3.  TTie  kit  tray  measures  15"  long  by  3.5"  high  by  1"  thick.  The  tray  body  is  standard  for  all  plications 
while  only  the  device  cartridge  in  the  center  is  customized  for  each  OE  device.  The  fibCT  spools  can  hold  at  least 

2  met»s  of  fiber. 


Summary 

Three  Automated  Fiber  Pigtailing  Machines  (AFPMs)  have  been  designed  and  buUt  under 
this  ARPA-funded  project.  The  AFPM  enables  many  of  the  critical  technologies  to  perform 
automated  sub-micron  fiber  pigtailing  compatible  with  a  low-cost  manufacturing  environment. 
These  technologies  include  low-cost  Wgh-precision  stages,  computer  vision  to  replace  the  labor- 
intensive  coarse  alignment,  and  many  details  of  parts  handling  and  feeding.  Subsequent 
generations  of  the  AFPM  may  build  upon  the  design  concepts  developed  here  to  pigtail  fibers  to 
OE  devices  in  more  complicated  geometries.  For  example,  all  applications  for  this  projwt  use 
epoxy  to  attach  the  fibers,  so  no  applications  using  solder  or  laser  welding  have  been  considered. 
Also,  the  stages  to  manipulate  the  fibers  provide  only  3  axes  of  translation,  so  no  rotational 
degrees  of  freedom  are  available,  including  the  very  important  roll  axis  for  polarization- 
dependent  applications.  The  AFPM  to  reside  at  LLh^  will  be  used  for  demonstrations  to  US 
industry  and  for  further  development  of  AFPM  capabilities. 
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INTRODUCTION 

The  key  requirements  for  field- 
deployable  fiber  optic  components  are  high 
fiber  power,  high  stability/reliability  and  low- 
cost  manufacturability.  Among  the 
contributing  factors,  a  critical  role  is  played 
by  the  fiber-to-laser  coupling  since  it  is  both 
a  discontinuity  in  the  optical  path  at  the 
material  level  and  in  the  manufacturing 
process  sequence.  The  fiber-coupling 
approach  presented  here  meets  these  three 
requirements:  the  high  fiber  power  arises 
from  the  lensing  of  the  fiber  tip,  the  stability  is 
achieved  through  the  use  of  a  single 
platform  and  solder  securing  both  the  laser 
and  the  fiber,  and  the  manufacturability 
from  batch  wafer-level  chip  assembly  and 
batch  fiber  soldering  technique  resulting  in  a 
low  labor  cost. 

After  a  description  of  the  pieceparts 
involved  and  of  the  actual  fiber  attachment 
process,  coupling  and  stability  results  are 
presented  for  1 300  nm  MQW  and  980nm 
laser  chips. 

PIECEPARTS 

Silicon  Bench 

A  common  platform*  is  used  for  the 
laser  chip,  backface  monitor  photodiode 
and  fiber,  consisting  of  a  silicon  bench 
2.16x1.7  mm  in  size.  The  benches  are 
processed  on  1 25  mm  diameter/500  ^m- 
thick  silicon  wafers  and  are  equipped  with 
metallized  electrical  access  pads,  bonding 
sites,  evaporated  solder,  solder  dams  and 
an  integral  microstrip  heater  for  fiber 
attachment.  The  metallization  consists  of 
sputtered  Ti/TiN/Pt/Au  thin  film.  The 
evaporated  solder  at  the  chip  sites  is 
eutectic  AuSn  (80  wt.%  Au)  6  nm  thick  and  is 
confined  by  a  Cr  thin  film  dam.  The  on¬ 


board  heater  consists  of  a  Cr  strip  deposited 
over  a  2  nm-thick  Si02  layer  serving  as 
thermal  isolation  between  the  fiber  and  the 
laser  sites.  The  heater  is  capable  of  melting 
a  0.0035  mm^  AuSn  solder.  The  thermal 
isolation  between  the  fiber  and  the  laser 
sites  allows  the  laser  to  emit  light  for  active 
fiber  alignment.  The  overall  stability  of  the 
assembly  arises  from  1)  the  common  (hard) 
solder,  2)  the  common  Si  platform  and  3)  fhe 
close  proximity  of  the  bonding  sites  for  the 
laser  and  the  fiber  (620  nm  center-to-center 
spacing). 

In  order  to  minimize  handling  and 
increase  uniformity  of  assembly,  chip 
assembly  is  performed  at  the  Si  wafer  level. 
The  Si  wafer  is  populated  by  tack-bonding 
several  hundred  laser  and  PIN  chips  epi-side 
up.  The  wafer  is  then  heated  in  a 
controlled  atmosphere  to  reflow  the 
evaporated  solder.  The  chips  are  then  wire- 
bonded  and  the  PIN  tested  and  inked  at  the 
wafer  level.  Only  then  is  the  wafer  diced 
into  individual  optical  sub-assemblies  (OSA) 
for  testing  and  fiber  attacment,  A  1 25  mm 
wafer  contains  -2,000  OSAs.  We  have 
limited  ourselves  so  far  to  1  /4  wafers  with 
excellent  yields.  A  close-up  view  of  such  a 
"populated"  wafer  is  shown  in  Fig.  1 . 

Fiber 

Two  different  types  of  single  mode 
fibers  are  used  for  the  1300  nm  MQW  (FP 
and  DFB)  lasers  and  the  980  nm  pump  lasers 
and  are  lensed  by  two  different  techniques. 
At  1 300  nm,  the  fiber  tip  is  chemically 
etched  in  a  solution  which  etches  the 
cladding  faster  than  the  core  resulting  in  the 
lens  shown  in  Fig.  2.  This  lens  routinely 
couples  -75%  of  the  light  and  the  lensing 
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uniformity  results  mostly  from  the  well- 
controlled  doping  profile  of  the  glass.  It  is 
produced  in  a  batch  process  ( 1,000  fibers 
per  batch).  At  980  nm,  we  used  a  C02  laser 
to  micromachine  ^  the  fiber  tip  in  such  a  way 
as  to  obtain  a  hyperbolic  profile,  achieving 
coupling  efficiencies  of  90%,  A  view  of  this 
lens  is  shown  in  Fig.  3.  These  lenses  are 
fabricated  individually  but  the  actual 
lensing  operation  takes  only  a  few  seconds. 

After  lensing,  both  types  of  fibers  are 
metallized  by  plating.  The  metallization  is 
electroless  and  consists  of  ~  4  |xm  of  Ni 
capped  by  ~  0.2  [xm  of  Au. 

FIBER  AHACHMENT  OPERATION 

After  dicing,  the  OSAs  are  loaded 
and  temporary-wire  bonded  onto  10- 
position  batch  cartridges.  A  AuSn  solder 
preform  is  then  tacked  at  the  fiber  bond  site. 
The  equipment  used  consists  of  a  piezo- 
controlled  stage  holding  the  fiber,  a  second 
stage  holding  the  cartridge,  standard 
electro-optic  equipment  for  laser  bias  and 
power  detection,  video  cameras  and  a 
power  supply  to  feed  the  strip  heater.  The 
operation  is  computer-controlled,  including 
fine  adjustments  in  the  fiber  position  (0.1  |xm 
steps).  The  cartridge  arrangement  allows 
the  pigtailing  of  the  10  lasers  in  succession. 
Each  laser  is  biased  for  active  alignment 
and  the  current  through  the  strip  heater  is 
raised  until  the  preform  melts:  typically,  the 
current  is  ~1  A  and  the  voltage  ~7V.  A 
reducing  atmosphere  is  used  to  prevent 
oxidation.  The  fiber  is  then  brought  in  close 
proximity  with  the  laser  facet  using  manual 
verniers.  Fine  and  final  alignment  is 
performed  by  moving  the  fiber  in  the  molten 
solder  using  piezo  positioners.  When  peak 
power  is  detected,  power  to  the  strip  heater 
is  removed  and  the  solder  instantly  frozen  , 

It  is  to  be  noted  that  only  spontaneous  light 
is  used  during  the  alignment  (a  few  ^W)  due 
to  the  laser  temperature  (~200°C).  The 
procedure  is  then  repeated  with  the  next 
laser.  The  cycle  time  for  this  operation  is  5 
minutes  allowing  therefore  1 2  operations  per 
hour.  A  simple  calculation  shows  that  the 
relative  movement  of  the  fiber  tip  during 
cooling  is  -0,08  |xm  along  the  vertical 
resulting  in  a  negligible  coupling  loss  (-2  %). 


A  fiber-pigtailed  1 300  nm  OSA  is 
shown  in  Fig.4.  After  removal  from  the 
cartridge,  the  OSAs  are  packaged  in  low- 
profile  ceramic  packages  for  uncooled 
operation. 

RESULTS 

Coupling  Efficiency 

Distributions  of  final  coupling 
efficiency  for  1300  nm  lasers  are  shown  in 
Fig.  5.  The  45  experimental  devices  were 
fiber-attached  with  the  goal  of  maximizing 
power,  independent  of  the  time  required, 
whereas,  for  the  101  model  devices,  the 
goal  was  to  freeze  the  solder  within  60 
seconds  as  is  presently  done  on  the 
production  line.  As  can  be  seen  from  these 
results,  the  coupling  achieved  routinely  is 
61+1 1%.  Higher  coupling  is  achievable  by 
tailoring  the  lens  etching,  but  at  the  expense 
of  displacement  sensitivity.  Similar  data 
taken  for  the  980  nm  lasers  show  a  coupling 
efficiency  of  ~  80%  with  the  C02  laser 
micromachined  fiber. 

Alignment  Sensitivity 

The  sensitivily  to  displacement  was 
measured  in  the  three  directions  for  both 
laser  types.  The  coupling  is  extremely 
sensitive  to  displacement  in  the  x  and  y 
directions  (while  quite  insensitive  along  the 
optical  axis  z.)  The  3dB  drop-off  is  -0. 7-0.9 
ixm,  forcing  the  alignment  to  be  stable  to 
within  ~0.2.|j.m  in  actual  field  devices. 

Mechanical  Stability 

The  stability  of  the  pigtail  was 
measured  over  temperature  from  -40  to 
85°C  for  six  1300  nm  lasers  and  is  shown  in 
Fig.  6.  The  tracking  error  is  the  change  in 
the  ratio  of  the  coupled  power  out  of  the 
fiber  to  the  optical  power  out  of  the  back 
facet,  the  latter  being  measured  by  the  PIN 
monitor  diode  and  kept  constant  during  the 
temperature  scan.  The  measurement 
therefore  reflects  both  the  fiber  movement 
relative  to  the  laser,  as  well  as  the  changes 
in  the  laser  front-to-back  ratio  and  its  far- 
field  variations  with  temperature.  The  total 
excursion  from  perfect  stability  is  ~+8  %.  We 
attribute  -2%  to  pure  fiber  movement  (less 
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than  0.1  |im)  and  the  remaining  6%  to  laser 
variations, 

The  solid  stability  of  our  approach 
was  further  tested  by  subjecting  50 
packaged  devices  to  500  temperature 
cycles  from  -40  to  85'’C  as  per  the  Bellcore 
specification.  The  data  was  acquired  in 
terms  of  relative  change  in  output  power 
before  and  after  cycling,  measured  at  a 
fixed  backface  monitor  current.  A  total  of 
48  devices  exhibited  less  than  0.5  dB 
change,  thus  passing  the  test.  The  two 
failures  observed  were  due  to  fissures  visible 
in  the  fiber  metallization  and  were  not 
directly  related  to  the  fiber  attachment 
process. 

Mechanical  Strength 

Of  the  devices  referred  to  above,  25 
were  subsequently  subjected  to  the 
Bellcore  mechanical  shock  and  vibration 
tests  with  1 00%  success  rate  (maximum 
power  change  observed  0,33  dB). 

The  strength  of  the  fiber  attachment 
was  measured  on  over  100  devices  using 
the  fiber  pull  test,  The  data  shows  a  mean 
of  630  grams  with  a  standard  deviation  of 
1 35  grams.  In  nearly  every  instance,  the 
failure  mode  is  a  clean  delamination  of  the 
metallization  from  the  fiber,  not  rupture 
through  the  solder  bond  itself.  Accounting 
for  the  solder-wetted  area  on  the  OSA,  the 
pull  force  represents  a  shear  stress  of  1 50 
MPa.  The  yield  stress  of  AuSn  solder  is  -215 
MPa,  in  agreement  with  the  above  rupture 
observation. 

CONCLUSION 

The  approach  described  here  is 
attractive  for  high  volume/low  cost 
packaging  of  fiber-pigtailed  components. 
We  have  transferred  this  technology  to  the 
manufacturing  facility  where,  to  date,  over 
3,000  devices  have  been  fabricated.  Aside 
from  the  performance  advantages 
described  earlier,  it  is  the  low  cost  of  this 
technology  which  makes  it  truly  attractive  . 

It  comprises  only  five  pieceparts  which  are 
low  cost.  The  Si  bench  uses  well-established 
Si  processing  techniques.  The  wafer-level 
assembly  drastically  reduces  handling  of 
individual  pieceparts.  The  fiber  attachment 


requires  only  a  modest  capital  investment 
and  yields,  in  the  present  approach,  one 
part  every  5  minutes. 
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Fig.  1  Wafer-level  chip  assembly 


Fig.  2  Etched  lens  for  1300  nm  lasers 
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Fig.  3  CO2  laser  lensed  fiber  for  980  nm 
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Fig.  5  Coupling  efficiency  for  1300  nm 
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Fig.  6  Coupling  stability  for  1300  nm  lasers 
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NEW  ASSEMBLY  TECHNOLOGY  FOR  SMALL  SURFACE  MOUNT  LEDS. 

P.Rajkomar 

OptoElectronics  Division 
Hewlett  Packard,  San  Jose, California 


Abstract; 

The  Optoelectronics  Division  of  Hewlett-Packard  has  developed  a  new  technology  for  making 
surface  mount  L.E.D  lamps  and  indicators  whereby  the  internal  wire  bond  is  eliminated.  The  new 
technology  clears  the  way  for  products  with  enhanced  reliability  while  offering  a  path  to  fast  and 
inexpensive  proliferations.  That  will  enable  OED  to  increase  its  range  of  products  in  a  fast 
growing  market. 


Introduction: 

OED  is  a  vertically  integrated  manufacturer  of  LED  lamps,  indicators  and  displays,  mostly  for 
thru’  hole  applications.  In  the  last  few  years  there  has  been  a  dramatic  increase  in  the  demand 
for  surface  mount  LED  lamps.  While  OED  offers  numerous  products  in  the  high  performance 
arena,  its  range  was  not  as  extensive  in  the  low  end  where  most  of  the  growth  has  been  [  >150M/ 
month  ].  However  OED  did  not  want  to  provide  just  a  me-too  approach.  We  felt  that  we  had 
to  offer  a  technological  breakthrough  that  would  contibute  to  the  high  volume-low  cost  segment 
of  the  market  and  could  further  extend  the  market  for  surface  mount  leds. 

Development: 

Our  approach  included  the  elimination  of  the  wire  bond,the  weakest  link  in  the  traditional  chip 
and  wire  assembly  of  LED  lamps  for  quality  and  reliability.  Connections  in  the  new  scheme  are 
through  solder  joints.  [Figure  1  ].  We  believe  that  elimination  of  the  wire  widens  our  choices  for 
handling  and  further  processing  once  the  chip  has  been  put  down. 


The  obvious  problem  is  that  the  chip  is  on  its  side  and  requires  a  totally  different  means  of 
placement.  As  we  want  to  solder  chips  down  to  a  board  as  opposed  to  wire  bonding,  the  first 
crucial  element  was  a  solderable  chip.  The  integration  of  those  two  aspects  of  development 
proved  to  be  more  challenging  than  we  had  anticipated.  During  the  development  phase,  most  of 
the  emphasis  in  Wafer  Fab  R  &D  centered  aroimd  developing  the  processes  and  fixturings  that 
would  produce  material  that  could  be  used  on  the  Die  Attach  machine  with  ease.  While  the 
obvious  work  necessary  was  accomplished  early,  there  were  many  more  changes  that  were 
necessary  once  the  DA  machine  was  fully  operational.  Die  size  changes,  problems  with  pattern 
recognition,  strict  sawing  quality  needs  as  well  as  increasing  volumes  and  an  increasingly  exacting 
die  presentation  requirement  were  issues  that  had  to  be  addressed  and  resolved  without 
compromise.  The  need  for  a  sound  and  well  engineered  setup  in  the  Front  End  [  See  Figure  2 
]  was  imperative. 
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The  Die  Attach  machine  has  been, without  any  doubt,  the  center  of  attraction  for  most  of  the 
development  phase  .  It  exemplifies  (1)  faith,  in  that  we  even  attempted  to  develop  it  after  several 
experienced  vendors  expressed  doubts  about  its  feasibility  (2)  innovation,  in  that  we  knew  that 
die  presentation  would  require  new ,  original  fixturing ,  new  process  and  materials  (3)  top  design 
capabilities,  for  the  technical  depth  ,  and  (4)  top  notch  tool  shop,  for  meeting  the  fine 
workmanship  standards  imposed  by  the  designers.  See  Figures  3  and  4  .  The  machine  rate  is 
presently  5000  placements  per  hour  which  is  comparable  to  that  of  standard  ,  commercial 
equipment. 

Another  major  area  of  development  centered  around  the  soldering  process.  The  search  for  an 
appropriate  solder  was  initially  driven  by  the  inconsistent  solder  joint  after  soldering  with 
eutectic  tin/  lead  solder.  In  order  to  develop  a  robust  Surface  Moxmt  led  that  could  be  mounted 
by  IR  as  well  as  wave  Solder,  it  was  felt  that  we  also  had  to  use  a  high  temperature  solder  with 
a  melting  point  above  normal  soldering  temperatures  (  260  Deg  C ).  Using  life  testing  and  cross 
sectioning  of  soldered  metal  structures  as  indicators  ,  we  finally  settled  on  Lead  Indium  . 

While  the  solderable  chip,  die  presentation  ,  the  DA  machine  and  the  high  temp  solder  form  the 
essential  base  of  the  new  platform,  there  are  several  other  areas  where  major  efforts  were 
necessary.  We  chose  the  encapsulation  process  rather  than  transfer  molding  early  in  the  program 
because  of  the  frequent  changes  we  had  to  make  to  the  boards.  Design  time,tooling  costs  as  well 
as  capital  equipment  expenditure  were  thus  minimized. 

The  use  of  a  rubber  mold  for  encapsulation  has  been  around  for  a  long  time  but  we  adapted  the 
method  and  coupled  it  with  some  innovative  fixturing  to  give  an  inexpensive,  flexible  casting  for 
surface  mount  lamps.  Changes  in  device  size  and  addition  of  features  such  as  a  lens  or  profile 
changes  can  be  accommodated  fairly  easily.  At  this  point,  apart  from  some  mechanization,  little 
effort  has  been  made  to  automate  the  process. 

During  the  initial  phase,  we  used  a  small  FR4  solder  plated  board  built  by  a  special  process 
developed  together  with  a  local  vendor.  The  choice  of  Pb/In  forced  us  to  use  a  high  temperature 
[  BT]  laminate.  A  larger  board  was  designed  and  tooled  up  with  an  approved  vendor  overseas. 
The  last  significant  change  was  a  switch  from  tin  /  lead  plating  to  gold  plating  and  as  a 
consequence,the  design  was  simplified  and  it  may  be  possible  to  source  a  cheaper  board.  The 
switch  to  gold  plating  was  made  because  we  could  not  control  the  thickness  of  the  board  after 
soldering  due  to  inconsistent  build  up  of  solder  at  the  back.  We  decided  to  plug  the  plated 
through  hole  after  die  attach  with  a  water  soluble  mask  which  we  washed  off  after  wave  solder. 
The  existing  process  is  crude  but  could  be  improved  considerably.  One  area  where  the  vendor 
played  a  crucial  role  was  in  the  development  of  the  high  temperature  soldering  process.  Since 
we  are  using  Lead  Indium  at  a  temperature  above  300  degrees  C,  we  have  added  a  nitrogen 
blanket  to  minimize  dross.  Since  our  features  are  so  small,  we  cannot  tolerate  any  foreign 
material. 

Conclusion; 


This  development  program  allowed  us  the  opportunity  to  seek  innovative  approaches  to 
existing  and  new  problems.  Most  of  our  effort  was  spent  in  areas  where  there  was  no  existing 
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equipment  or  process.  To  speed  up  the  essential  development,  we  chose  to  use  the  same  testing 
and  packaging  equipment/process  as  our  existing  parts  for  now.  We  have  programs  in  place  to 
design  and  develop, amongst  other  things  :  faster  testing  ,  cheaper,  dedicated  tape  and  reel 
mechanisms,  gang  sawing  ,  and  a  robotic  cell  for  part  handling.  The  response  from  the  customers 
has  been  very  favorable  .  From  a  customer’s  point  of  view,this  part  is  a  drop-in  replacement  for 
existing  aparts.  As  such,  the  challenge  now  is  to  meet  cost  and  delivery  targets.  We  have  an 
aggressive  cost  reduction  in  place  as  well  as  a  sharp  ramp  rate  to  meet  expectations  of  a  very 
dynamic  market. 
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Figure  1  Construction  Details 
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Gratings  implemented  on  silicon-on-insulator 
(SOI)  structures  have  been  used  for  waveguide 
coupling!^]  Gratings  can  also  form  the  end  mirrors 
of  DFB  and  DBR  lasers.  Recently,  channel  dropping 
filters  have  been  fabricated  in  silicon  from  gratings 
with  a  quarter  wave  shift. Such  resonant  gratings 
transmit  one  frequency  but  reflect  the  others  that  fall 
within  the  “stop  band”  or  band  gap.  In  order  for  the 
stop  bands  to  cover  the  40  nm  spectrum  of  erbium 
amplifers,  deep  gratings  or  large  index  modulations 
are  needed.  As  the  grating  strength  increases,  light 
tends  to  radiate  into  the  substrate. 

Here  we  design  and  model  a  transmission  filter 
whose  stop  band  exceeds  100  nm  yet  whose  radia¬ 
tion  losses  are  kept  low.  The  quality  factor  —  num¬ 
ber  of  optical  cycles  for  energy  to  decay  to  1/e  — 
is  over  13,000.  We  present  the  transmission  spec¬ 
trum  of  such  a  filter  using  a  finite  difference  time 
domain  (FDTD)  program  with  a  new  quartic  per¬ 
fectly  matched  layer  (PML)[^^  boundary  condition. 

1  Quartic  Perfectly  Matched 
Layers 

Optical  gratings  have  been  studied  with  a  variety 
of  analytic  techniques:  coupled  mode  theory,  trans¬ 
fer  matrices,  etc.  But  the  radiation  properties  of 
gratings  are  difficult  to  treat  without  resorting  to 
numerical  techniques.  The  finite  difference  time  do¬ 
main  method  allows  for  the  computation  of  a  wide 
frequency  spectrum  in  a  single  simulation. 

The  standard  way  to  simulate  an  open  or  un¬ 


bounded  region  uses  the  Mur  second-order  absorb¬ 
ing  boundary  condition  (ABC).W  Waves  may  be  re¬ 
flected  from  the  computational  border  back  into  the 
computational  domain.  These  spurious  reflections 
become  particularly  noticeable  when  the  index  of  re¬ 
fraction  changes  along  the  border  or  when  a  waveg¬ 
uide  crosses  the  border.  These  reflections  can  give 
rise  to  Fabry  Perot  fringes  and  long  simulations  can 
suffer  from  instabilities.  Recently,  Berenger  formu¬ 
lated  the  perfectly  matched  layer  (PML)^^]  to  model 
open  boundary  conditions.  The  PML  method  uses 
an  artificial  conductor  that  absorbs  incident  fields. 
These  fields  are  split  into  two  components,  of  which 
only  one  “sees”  the  conductor.  To  minimize  back  re¬ 
flections,  Berenger^^^  and  Pekel  and  Mittra^®^  suggest 
that  increasing  the  spatial  profile  of  this  conductiv¬ 
ity  quadratically  (with  a  power  of  n  =  2)  is  prefer¬ 
able  to  both  uniform  and  linear  profiles.  As  a  result, 
quadratic  gradations  are  the  norm.t’^”^!  We^^J  show 
that  at  least,  in  our  situation,  quartic  (n  ^  4)  con¬ 
ductivity  profiles  are  far  superior  to  quadratic  ones. 

Using  Berenger’s  notation, the  conductivity  a 
can  be  expressed  as 


where  S  is  the  PML  thickness,  dmax  is  the  maximum 
conductivity  or  the  conductivity  at  the  edge,  and  n  is 
the  order  of  the  polynomial  which  describes  the  con¬ 
ductivity  profile,  p  varies  from  0  at  the  edge  of  the 
solution  domain  to  8  next  to  the  perfectly  conduct¬ 
ing  outer  boundary.  The  field  is  completely  reflected 
at  the  perfectly  conducting  outer  boundary,  where 
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the  tangential  electric  field  is  zero.  As  a  result,  the 
theoretical  reflected  field  amplitude  is 

R{e)  =  exp  ( - , 

V  n  +  1  ec  / 

where  0  is  the  angle  of  incidence,  e  is  the  electric 
permittivity,  and  c  is  the  speed  of  light. 

To  measure  the  actual  reflections,  we  send  light 
down  a  GaAs  waveguide  (n  =  3.4)  that  was  sur¬ 
rounded  by  air  (figure  1).  Various  numerical  bound¬ 
ary  conditions  were  tried  in  succession  on  the  four 
borders.  The  Mur  second-order  ABCl^^l  was  imple¬ 
mented  in  a  2D,  scalar  FDTD.I^^l  Both  quadratic 
and  quartic  PML’s  were  chosen  to  have  a  theoretical 
reflectivity  of  R{0)  =  10”®  and  a  layer  thickness  of 
6  =  12  grid  points.  Following  the  example  of  Taflove 
et  we  set  the  conductivity  in  the  GaAs  re¬ 

gion  6  higher  than  that  in  air.  All  of  these  simula¬ 
tions  were  performed  for  2D  FDTD.  The  reflected 
and  initial  TE  electric  fields,  Ez  (where  z  is  normal 
to  simulation  domain),  are  plotted  with  solid  lines 
while  the  TM  magnetic  fields,  Hz,  are  denoted  with 
dashed  lines  (figure  2).  For  R{0)  =  10”®  and  6  =  12, 
the  quartic  (n=4)  PML  produces  the  least  reflections 
—  two  orders  of  magnitude  less  than  the  quadratic 
(n=2)  PML  and  over  four  orders  of  magnitude  less 
than  a  Mur  second-order  ABC.  The  reflections  from 
the  quartic  PML  are  less  than  2  x  10”®  for  both  TE 
and  TM  waves,  from  50  to  250  THz. 

2  Optical  filter  characteristics 

We  use  this  FDTD  with  the  improved  PML  bound¬ 
aries  to  model  the  2D  cross  section  depicted  in  flg- 
ure  3.  The  top  layer  is  silicon  (0.315  //m  thick  with 
=  3).  This  waveguiding  layer  is  sandwiched  by 
air  on  the  top  and  by  silicon  dioxide  (0.85  //m  thick 
and  Ueff  =  1.45)  on  the  bottom.  Beneath  the  Si02 
is  the  silicon  substrate.  Such  a  multi-layer  structure 
can  be  commercially  fabricated  by  flip  chip  bond¬ 
ing.  The  indices  used  in  this  simulation  are  similar 
also  to  GaAs  systems  with  buried  AI2O3.  A  quarter 
wave  phase  shift  divides  an  otherwise  sixty  period 
grating  in  two.  These  gratings  are  deep  with  a  10% 
index  modulation  (ng//  3  to  Tieff  —  2.7).  Such 

a  grating  can  be  implemented  by  the  conventional 
horizontal  grooves  or  by  some  side  notches. The 
grating  period  is  0.315  fjLm,  which  can  be  defined  by 
electron  beam  lithography.  The  overall  device  is  less 


than  20  fim  long,  so  within  a  small  region  many  of 
these  filters  can  be  cascaded. 

This  structure  is  simulated  by  FDTD  with  the 
before-mentioned  quartic  PML  boundary  condition. 
In  particular,  the  time  step  is  At  =  0.07071  fs  while 
in  space,  the  increments  are  Ax  =  0.03150 /xm  and 
Ay  =  Ax.  The  source  or  input  excitation  is  a  sine 
function  whose  envelope  is  a  gaussian  pulse. Fig¬ 
ure  4  plots  the  reflected  and  transmitted  powers  for 
this  grating.  Notice  that  with  over  two  million  steps, 
the  reflection  coefficient  is  very  flat  between  1490  and 
1600  nm;  the  borders  do  not  reflect  nor  set  up  Fabry- 
Perot  cavities.  Also,  there  is  little  noise;  the  spectra 
are  clearly  discernible.  The  transmission  resonance 
at  1547  nm  is  adequately  resolved,  with  0.054  nm  (or 
6.7  GHz)  resolution.  At  the  peak,  the  transmitted 
power  is  0.642  while  the  reflected  power  is  0.054.  The 
radiated  power  is  0.304  and  includes  losses  to  higher 
order  guided  modes  and  radiation  to  the  substrate. 

Figure  5  is  a  gray  scale  contour  plot  of  the  electric 
field  (normal  to  the  page)  in  such  a  filter.  This  plot 
shows  the  resonator  mode  at  transmission  resonance 
where  the  radiation  losses  are  the  highest.  The  field 
coupling  to  (or  reaching)  the  substrate  is  negligible. 
The  thin  silicon  oxide  layer  confines  the  light  to  the 
top  silicon  layer  rather  well.  The  quality  factor  as 
measured  from  the  decay  of  the  resonator’s  power  is 
Q  ~  13,900.  Because  the  power  in  a  Bragg  grat¬ 
ing  decays  exponentially  from  its  quarter  wave  shift, 
the  radiation  can  be  reduced  and  the  transmission 
can  be  increased,  simply  by  shortening  the  grating. 
However,  this  will  lead  to  more  radiation  from  the 
grating-waveguide  border,  lowering  the  quality  fac¬ 
tor. 

3  Conclusion 

We  have  showed  that  quartic  gradations  in  Perfectly 
Matched  Layers  can  reduce  spurious  reflections  by 
two  orders  of  magnitude.  This  permits  the  solution 
of  highly  resonant,  notch  filters.  These  transmission 
filters  have  110  nm  stop  bands  and  quality  factors 
over  13,000. 
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GaAs  waveguide 


Figure  1:  GaAs  waveguide  surrounded  by  air. 


frequency  (THz) 


Figure  2:  In  a  straight,  GaAs  waveguide,  amplitudes 
reflected  for  various  frequencies  due  to  a  Mur  second- 
order  ABC,  a  quadratic  (n  =  2)  PML,  and  a  quartic 
(n  =  4)  PML.  Solid  lines  denote  TE  Ez  and  dashed 
lines  are  for  TM  Hz. 
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Figure  5:  Grayscale  contour  of  electric  field  normal  to  page,  at  resonant  frequency. 


Figure  3:  Quarter  wave  shifted  (resonant)  grating 
on  silicon-on-insulator  (SOI). 


Figure  4:  Transmitted  and  reflected  powers  of  reso¬ 
nant,  silicon-on-insulator  grating. 
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1.  Introduction 

Waveguide  Bragg  gratings  are  attracting  increased  attention  as  narrow-band  filters  to 
separate  different  channels  in  closely-spaced  wavelength-division-multiplexing  (WDM) 
systems.  In  fact  grating  filters  directly  written  into  Ge-doped  optical  fibers  are  already 
available  and  exhibit  quite  attractive  features.  However,  the  added  structural  flexibility 
inherent  in  integrated  optical  waveguides  can  offer  an  even  increased  variety  of  device  and 
subsystem  architecture  and  performance. 

Usually  current  models  [1]  describe  Bragg  gratings  by  means  of  a  single  effective  modal 
index  for  the  forward-  and  backward  propagating  mode  (in  the  single-mode  waveguide  case) 
along  the  entire  filter,  while  this  is  correct  for  uniform  gratings,  it  is  not  adequate  to  describe 
accurately  the  characteristics  of  apodized  filters,  which  are  based  on  modulated-amplitude 
gratings,  i.e.  structures  with  varying  groove  depth  or  index  change. 

In  this  paper  a  refined  analysis  of  Bragg  planar  waveguide  gratings  is  described,  which 
takes  into  account  the  consequences  of  effective  index  variations  along  apodized  filters,  and 
shows  the  difference  in  their  predicted  spectral  response.  On  this  basis,  nearly  ideal  integrated 
filters  are  designed. 

2.  Theoretical  approach 

The  spectral  response  of  a  uniform  grating  varies  approximately  as  a  sine  squared 
function;  this  exhibits  sidelobes  of  such  an  amplitude  that  limits  excessively  the  minimum 
spacing  between  adjacent  WDM  channels  to  avoid  intolerable  cross-talk  levels.  To  overcome 
this  limitation,  apodized  filters  can  be  designed  [2],  in  which  the  amplitude  of  the  grating  (or 
the  refractive  index  variation,  if  it  is  an  index-modulated  or  phase  grating)  changes  along  its 
length  in  appropriate  ways,  achieving  a  strong  suppression  of  sidelobes  and  approaching  an 
ideal,  rectangular-shaped  response. 

As  well  known  [3],  the  propagation  in  periodic  corrugated  waveguides  can  be  described 
analytically,  and  the  spectral  reflectivity  of  these  structures  can  be  expressed  as: 

,,,  \k  ■  Sifih(S  ■  Lf 

r{A)  = - ^ ^ -  (1) 

\S  ■  Cosh{S  •  Z)  -  /  •  Ai3  •  Sinh{S  ■  Lf 

where  K  is  the  coupling  coefficient  between  the  forward  and  backward  propagating  modes,  L 

is  the  length  of  the  grating,  S  =  -y/|Kp-AP^  ,  Ap  =  p-— ,  p  is  the  fundamental  mode 

A 

propagation  constant,  and  A  the  spatial  period  of  the  grating. 

For  non-periodic  gratings  there  are  no  known  analytical  solutions,  and  the  spectral 
response  must  be  found  numerically.  A  straightforward  approach  [4]  approximates  the 
non-uniform  grating  by  a  number  of  sections,  each  assumed  with  a  (slightly  different)  constant 
value  of  K  and  Ap,  each  section  can  therefore  be  described  analytically,  and  for  every  section  a 
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2x2  transfer  matrix  is  generated.  The  action  of  the  entire  grating  is  then  described  by  a  transfer 
matrix  obtained  by  multiplying  all  the  matrices  of  the  individual  sections. 

By  choosing  appropriately  the  number  of  sections,  the  quality  of  the  approximation  can 
be  adapted  to  the  requirements,  and  different  shape  functions  can  be  analyzed  to  find  the 
required  apodized  response.  For  example,  it  can  be  found  that,  by  means  of  a  gaussian-shaped 
coupling  coefficient,  a  symmetric  response  with  low  sidelobes  can  be  achieved  [1]. 

However,  in  this  case  the  effective  index  is  not  constant  along  the  filter,  but  depends  on 
the  local  groove  depth,  or  on  the  local  refi'active  index  modulation  amplitude,  unless 
appropriate  guide  parameters  are  varied  along  the  grating  coherently  with  its  amplitude.  This 
effect,  which  is  often  neglected,  has  to  be  taken  into  account  for  a  correct  modeling. 

To  design  appropriately  such  apodized  filters,  we  have  included  this  effect,  in  the 
calculation  of  the  response  of  Bragg  gratings.  The  analysis  has  been  performed  on  three-layer 
planar  waveguide  structures,  with  the  following  parameters:  n^=1.5000,  «g=1.5330,  «c=l,  d='i 
p.m,  where  and  ric  are  the  substrate,  guiding  layer  and  cover  refractive  indices, 

respectively,  and  d  is  the  guiding  layer  thickness;  the  resulting  effective  index  for  TE  mode  is 
nefl^l.5210  at  1550  nm.  The  grating  parameters  are  the  following:  period  A=509.5nm, 
maximum  depth  go=200  nm,  total  length  L=10  mm,  rectangular  profile  with  mark/space 
ratio  =  1,  and  modified  gaussian  envelope  g(z)  calculated  to  get: 

K(z)  =  17.3-e  V  L  ;  (2) 

The  local  effective  index  is  calculated  in  each  uniform  grating  section  and  a  maximum 
effective  index  variation  Aneg=5.85-10-4  is  found;  Fig  la)  shows  the  results  of  the 
conventional  calculations,  while  Fig  lb)  shows  the  spectral  characteristics  corrected  for  the 
effective  index  variations. 


Fig.  1 .  Calculated  spectral  reflectivity  of  a  Bragg  planar  waveguide  grating  (see  text  for  parameter 
values),  a)  response  neglecting  variations  of  n^ff  along  the  grating;  b)  corrected  response  using 
appropriate  n^gfz)  values. 
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The  improved  calculation  shows  a  fine  structure  on  one  side  of  the  reflection  peak, 
which  is  direct  consequence  of  the  non-uniformity  of  n^j^p.  This  fine  structure  corresponds 
exactly  to  what  has  been  observed  in  fibers  with  photoinduced  gratings  [5],  The  fact  that  in  the 
present  case  the  fine  structure  appears  on  the  longer  wavelength  side  of  the  peak,  while  for 
fibers  it  is  on  the  shorter  side,  comes  from  the  fact  that  for  photoimprinted  fibers  the  effective 
index  increases  with  the  grating  amplitude,  while  the  opposite  happens  for  etched  waveguide 
gratings. 

The  fine  structure  could  be  eliminated  by  changing  the  guide  parameters  to  keep  a 
constant  ng^-,  as  done  in  [5]  for  apodized  fiber  filters,  but  this  is  difficult  to  implement  in  a 
technological  process  for  planar  waveguides. 

A  much  more  practical  solution  is  to  introduce  a  small  linear  chirp  in  the  grating:  a 
nearly  ideal  stopband  shape  can  be  achieved,  free  from  sidelobes  and  ripples,  as  in  the  example 
shown  in  Fig.  2. 


Fig  2.  Spectral  characteristics  of  an  amplitude-modulated,  linearly  chirped  Bragg  planar  waveguide 
grating  for  TE  polarization.  Waveguides  parameters  as  described  in  the  text;  grating  parameters  are  as 
follows:  L=20mm,  g(z)=100  exp[-16(z/L-l/2)2]  nm,  A(z)=(509.9-0.2  z/L)  nm,  maximum 

Angfl=2.8610-4. 

The  model  has  been  extended  to  two-dimensional  waveguide  gratings,  including 
polarization  effects,  using  the  effective  index  and  Marcatili's  method;  real  doped-silica  strip 
waveguide  Bragg  filters  are  currently  being  designed,  and  their  details  will  be  described  later. 

3.  Conclusions 

We  have  implemented  an  improved  model  for  the  modeling  and  design  of  apodized, 
arnplimde  modulated  planar  waveguide  Bragg  grating  filters;  this  model  takes  into  account  the 
variation  of  the  effective  index  along  the  grating,  and  explains  the  perturbations  observed 
experimentally  in  photoinduced  fiber  grating  filters.  Using  this  method,  nearly  ideal  filters 
based  on  linearly  chirped  waveguide  gratings  have  been  designed. 
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Low  cost  fabrication  of  photonic  integrated  circuits  for  future  subscriber  systems  require  efficient  coupling  of 
the  single  mode  fibre  to  the  chip  as  well  as  large  alignment  tolerances.  This  can  be  achieved  by  increasing  the 
spot  size  of  the  waveguiude  to  the  spot  size  of  the  fiber  using  an  integrated  spot  size  transformer.  For  buried 
waveguide  structures  such  as  lasers  or  amplifiers  this  can  be  done  by  gradually  decreasing  the  waveguide 
thickness  which  leads  to  an  adiabatic  mode  expansion  /1-3/.  More  complex  integrated  photonic  circuits, 
however,  mostly  have  uncladded  rib  waveguides.  If  this  type  of  waveguide  is  etched  down  in  order  to  achieve 
spot  size  matching,  the  cutoff  properties  of  the  asymmetric  layer  structure  make  it  impossible  to  achieve  a 
large  spot  size  and  to  make  the  waveguide-fibre  coupling  polarization  independent.  A  concept  for  lateral 
tapering  of  uncladded  waveguides  has  been  proposed  by  Thurston  and  coworkers  /4/.  However,  it  is  restricted 
to  channel  waveguides  only.  In  addition,  the  design  outlined  in  /4/  requires  layers  with  refractive  index 
differences  as  small  as  0.01  which  is  not  feasable  for  standard  MOVPE  growth  techniques  of  InGaAsP/InP.  In 
this  work  we  theoretically  investigate  taper  waveguides  suitable  for  vertical  tapering  and  propose  a  new 
waveguide  design  which  can  be  used  to  fabricate  tapers  with  polarization  independent  coupling  to  the  fibre  for 
arbitrary  uncladded  rib  or  channel  waveguides. 

The  problem  of  mode  expansion  for  uncladded  waveguides  can  be  shown  by  simple  slab  calculations.  For  an 
uncladded  slab  waveguide  of  InGaAsP  (?Iq=1.06  pm)  core  material  grown  on  InP  the  mode  size  of  the  optical 
field  exhibits  a  very  steep  increase  close  to  the  cutoff  thickness  of  the  waveguide  core.  For  TE  and  TM 
polarized  light  and  for  1.55  pm  wavelength  the  cutoff  thickness  is  0.452  pm  and  0.525  pm,  respectively. 
Therefore  mode  expansion  occurs  at  different  values  of  the  waveguide  core  layer  thickness  for  TE  and  TM. 
Consequently,  vertical  tapering  of  uncladded  waveguides  is  expected  to  have  strong  polarization  dependence 
for  the  coupling  to  the  fibre. 

The  problem  of  vertical  cutoff  can  be  overcome  by  introducing  thin  guiding  layers  beneath  the  waveguide  core 
as  shown  by  the  3D  taper  structure  in  fig.  1(a).  At  the  chip  port,  the  waveguide  core  has  a  large  thickness  and 
the  optical  wave  is  not  influenced  by  the  thin  guiding  layers.  However,  as  the  waveguide  layer  thickness  in  the 


Fig  .1:  Taper  structures  for  uncladded  rib  waveguides,  a)  Polarization  dependent  structure  as  given  in  /5/. 
b)  Improved  taper  structure  for  polarization  independent  mode  matching 

taper  section  decreases,  the  light  spot  is  extended  horizontally  and  also  vertically  into  the  substrate.  Now  the 
guiding  layers  become  effective  by  avoiding  vertical  cutoff.  Such  a  structure  which  was  optimized  for  TE 
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polarization  has  recently  been  fabricated  151.  A  minimum  coupling  loss  to  a  butt  coupled  fibre  of  about  2  dB 
was  found  for  TE  polarization,  however, the  coupling  loss  for  TM  polarization  was  several  dBs  higher. 
Therefore  a  modified  taper  design  will  be  presented  here  with  which  a  polarization  independent  fibre  coupling 
loss  of  1  dB  can  be  achieved. 

In  order  to  analyze  the  taper  structures  and  to  test  the  polarization  independence  of  the  waveguides  the  scalar 
two-dimensional  Finite  Difference  Method  (2D  FDM)  has  been  used  to  calculate  the  modal  fields  of 
waveguides  and  fiber.  Choice  of  the  integration  mesh  needs  much  care  since  the  tails  of  the  fields  extend  up  to 
50  pm  whereas  the  waveguide  thickness  can  be  in  the  nm  range.  Therefore  an  equidistant  mesh  with  narrowly 
spaced  mesh  points  is  chosen  in  the  vicinity  of  the  waveguide  and  mesh  points  with  exponentially  increasing 
spacings  are  used  in  the  tails  of  the  fields.  The  calculation  window  has  been  chosen  to  be  160  pm  x  80  pm  and 
the  eigenmode  calculation  has  been  performed  with  an  accuracy  of  10'^  in  the  propagation  constant.  All 
calculations  are  done  for  a  wavelength  of  1.55pm. 

First,  tlie  standard  monomode  step  index  fibre  (SMF)  is  calculated.  The  core  diameter  is  8.7  pm,  the  refractive 
indices  of  core  and  cladding  are  1.4681  and  1.4650  respectively.  The  calculated  spot  diameter,  -defined  as  the 
diameter  for  which  the  field  has  decayed  to  1/e  of  the  maximum  value-,  is  11.4pm.  The  same  mesh  is  used  for 
the  calculations  of  the  waveguides  and  for  evaluation  of  the  two-dimensional  overlap  between  normalized 
fields  of  waveguide  and  fibre.  The  square  of  the  overlap  measures  the  fiber  coupling  loss  due  to  the  mismatch 
in  mode  size  which  in  the  following  will  be  denoted  as  fibre  matching  loss.  Losses  due  to  the  radiation  along 
the  vertical  tapering  section  are  not  considered  in  this  work.  However,  from  the  mode  expansion  characteristics 
as  given  by  the  subsequent  cross  section  calculations  it  becomes  apparent  that  for  an  adiabatic  spot  size 
transformer  tapering  has  to  be  very  smooth  when  approaching  the  fibre  port  (c.f  fig  1).  Such  vertical  tapering 
curves  can  be  achieved  by  the  ion  beam  shadow  etching  technique  as  described  in  161. 

The  new  taper  design  is  shown  in  fig.  1  (b).  Compared  to  fig.  1  (a)  the  guiding  layers  (GL)  are  now 
inequidistantly  spaced  below  the  core  layer  (CL)  and  both  core  and  guiding  layers  are  of  7<3=L06pm  material. 
For  this  optimized  taper  design,  the  fields  for  TE  and  TM  polarization  are  calculated  along  the  taper.  Fig.  2 
depicts  both  the  vertical  and  lateral  spot  enlargement  for  the  waveguide  film  thickness  t  as  it  decreases  from  the 
chip  port  to  the  the  fibre  port.  The  horizontal  (dx)  and  vertical  (dy)  spot  size  diameters  and  the  loss  due  to  mode 
mismatch  are  shown  as  function  of  the  waveguide  film  thickness  t.  If  t  approaches  zero  dy  approaches  a 
constant  value  given  by  the  locations  of  the  guiding  layers.  On  the  other  hand,  the  horizontal  spot  diameter  dx 
increases  but  has  no  cutoff,  since  in  lateral  dimension  the  waveguide  is  symmetric.  However,  it  is  seen  that  the 
minimum  for  the  fibre  matching  losses  for  TE  and  TM  polarization  are  at  different  values  of  t.  The  loss  curves 
for  both  polarizations  intersect  at  t=35  nm  and  a  common  fibre  matching  loss  of  about  2  dB  can  be  achieved. 


Fig.  2:  Calculated  light  spot  diameters  d^  and  d^  and  mode  matching  loss  to  SMF  versus  film  thickness  t  for 
TE  and  TM  polarization  .  The  core  layer  (CL)and  guiding  layers  (GL)  shown  in  the  cross  section  are 
of  Xq=L06  p.m  quaternary  material. 


416  /  IWA3-3 


As  seen  from  fig.  3,  for  this  kind  of  uncladded  waveguide  tapers  tlie  center  of  gravity  of  the  light  spot  is  moved 
downward  into  the  substrate  as  shown  by  the  field  isoline  plots  in  different  taper  sections.  This  is  an  essential 
difference  compared  to  buried  waveguide  tapers  for  wliich  the  center  of  gra\’ily  remains  in  the  central  core 


Fig. 3:  Taper  cross  sections  and  calculated  optical  field  isolines  along  the  taper  structure.  Note  die  migration 
of  the  field  maximum  from  the  cladding  layer  into  tlie  guiding  layers. 


We  will  now  further  improve  this  taper  waveguide  structure  to  achieve  a  polarization  independent  fibre 
matching  loss  of  only  1  dB.  It  is  fabricated  as  shown  in  fig.  1  (b)  by  first  tapering  the  waveguide  film  thickness 
down  to  zero.  From  fig.  2  we  see  that  the  loss  for  the  TM  ploarized  wave  is  3.2  dB  wheras  for  TE  it  is  only  1.7 
dB  since  the  spot  size  diameter  for  TM  is  much  larger  than  the  one  of  the  fibre.  We  now  add  an  additional  rib 
of  13  |im  width  by  etching  down  the  InP  layer  completely  down  to  the  first  guiding  layer,  (see  fig.  1(b)). 
Because  of  its  large  lateral  spot  size  only  the  TM  spot  is  decreased  by  this  additional  rib.  Therefore  this 
additional  rib  acts  as  a  TM-focussing  rib  and  from  the  2D  FDM  calculations  we  find  that  the  fibre  matching 
losses  now  decrease  to  1. 1  dB  and  are  equal  for  both  TE  and  TM  polarization. 

Besides  the  decrease  of  fibre  coupling  loss  to  1  dB,  the  advantage  of  this  improved  waveguide  structure  is  the 
fact  that  vertical  etching  of  the  waveguide  film  layer  need  not  be  precisely  controlled  as  to  achieve  the  exact 
thickness  for  which  the  taper  is  polarization  independent.  In  the  new  structure  the  quaternary  film  layer  is 
always  etched  down  completely  and  the  underlying  InP  layer  can  act  as  an  etch  detection  layer.  In  addition,  we 
now^  show  by  the  calculations  that  the  same  polarization  independent  losses  can  be  achieved  for  rib  waveguides 
with  ribs  of  different  width  and  composition  as  long  as  the  guiding  layers  and  the  TM-focussing  rib  remain 


0.40  0.60  0.80  1.00 

rib  height  /  pm 


Fig.  4  :  Design  rules  for  die  rib  structure  of  optimized  taper  w'aveguides:  quaternary  material  composition  Xq 
versus  rib  height  for  a  2  pm  wide  rib  (solid  line)  and  rib  width  versus  rib  height  for  Xq=1.06  pm 
material  (dashed  line).  The  guiding  layers  remain  unaltered  as  given  in  fig.  2. 
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unaltered.  The  results  of  the  2D  FDM  calculations  for  taper  waveguides  with  different  rib  width  and  different 
material  composition  of  the  waveguide  layer  are  depicted  in  fig.  4  (the  TM-focussing  rib  is  the  same  as  above 
and  the  guiding  layers  are  always  Xq=1.06  pm  material  and  remain  at  the  position  shown  in  the  inset  of  fig  2  ). 
From  the  solid  curve  in  fig.  4  we  can  find  the  rib  height  for  a  given  material  composition  to  design  a 
polarization  independent  taper  with  rib  width  of  2  pm  and  1  dB  fibre  mode  matching  loss.  From  the  dashed 
curve  in  fig.  4  the  rib  width  for  the  optimal  taper  rib  waveguide  of  Xq=1.06  pm  composition  is  given  as  a 
function  of  the  rib  height.  Using  these  curves  and  the  data  for  the  guiding  layers  given  in  fig.  2,  polarization 
independent  taper  structures  can  be  designed  for  different  rib  waveguides. 

Concluding,  we  have  shown  a  taper  waveguide  design  for  InGaAsP/InP  with  relaxed  fabrication  tolerances 
which  can  be  used  for  tapering  uncladded  rib  waveguides  of  different  width  and  material  composition. 
Polarization  independent  coupling  to  the  fibre  with  a  mode  matching  loss  of  1  dB  is  achieved. 
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Introduction 

For  a  number  of  optoelectronic  components  it  is  important  to  estimate  the  amount  of 
waveguide  birefringence  in  order  to  reduce  or  eliminate  a  possible  polarization  dependence. 
Several  important  structures  (e.g.  buried  or  ridge)  can  be  analysed  with  sufficient  accuracy  by 
the  effective  index  method  which  reduces  the  original  2-D  problem  to  two  1-D  problems.  We 
therefore  look  at  waveguide  birefringence  for  the  1-D  case. 

First  a  general  expression  is  derived  by  using  a  simple  perturbation  argument.  Based  on  this 
result  a  very  simple  expression  is  derived  for  the  case  of  a  symmetric  slab  structure.  The 
accuracy  of  this  expression  is  examined  by  comparing  with  numerical  results. 

Birefringence  carmot  be  eliminated  for  the  slab  case,  optimisation  \vith  respect  to  low 
birefringence  is  discussed  in  [1]. 


General  1-D  structure 


For  the  TE  case  (polarization  parallel  to  the  y-axis,  propagation  in  the  z-direction,  and  index 
variation  n(x)  in  the  x-direction)  the  field  component  O  and  the  propagation  constant  {5  are 
found  by  solving 


^  +  (kV(x)-p^)<D  =  0 

dx 


(1) 


where  k=27r/A,  is  the  wave  number.  For  the  TM  case  an  addition  term  appears,  given  by 

dxi^n^(x)  dx  J 


We  consider  this  term  as  a  perturbation  to  the  index  profile,  with  O  being  the  solution  for  the 

00 

TE  case,  and  assume  that  the  field  is  normalised  (i.e.  j  <D^(x)dx  =  1).  Standard  perturbation 

-00 

theory  then  gives 
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A  =  n  eff.TE  -  n  eff,TM 


f  1  d 

O  dn^(x)"| 

•’  k^O  dx 

-00 

[n^(x)  dx  j 

'dx 


(3) 


Integrating  by  parts,  using  the  fact  that  O  vanishes  at  infinity,  and  replacing  l/n^(x)  by  l/n\ffjE 
gives  the  general  result 


1  f  dO^  dn^  , 

— - - dx 

2k  n  eff.TE  _•*„  dx  dx 


(4) 


Symmetric  slab 

For  a  symmetric  slab,  with  an  index  given  by 

n(x)=ni  for  |  x  |  <  |  d/2  and  n(x)=n2  for  |  x  |  >d/2 
we  have  (with  5  denoting  the  Dirac  delta  function) 


This  leads  to 


(5) 


(6) 


n.^-n^^  dO^ 


k'^n  eff.TE  dx 


d 

*  2 


Inserting  the  slab  solution  for  O,  and  using 


A«2 


b(l-b) 


n  eff.TE 


1  +  vVb 


(7) 

normalised  parameters  (see  for  example  [2])  gives 

(8) 


Here  v  is  the  normalised  frequency  v  =  ^  and  b  is  the  normalised  propagation 

constant.  If  the  index  difference  is  moderate  eq  (8)  can  be  approximated  by 


J^eff.TE  ^eff.TM 


n, 


eff.TE 


^1-^2 
V  *^eff.TE  y 


b(l-b) 

1  + vVb 


(9) 


Examples 

The  second  part  of  the  right  hand  side  of  eq  (9)  contains  normalised  parameters,  and  depends 
on  the  normalised  frequency  v  only.  We  refer  to  this  as  the  normalised  birefringence  factor. 
Figure  1  shows  a  comparison  of  the  approximate  result  (9)  with  a  direct  numerical  solution  for 
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a  fixed  (and  large)  index  difference,  corresponding  to  a  typical  semiconductor  laser  or 
amplifier  structure.  The  v-dependence  of  the  relative  birefringence  is  dominated  by  the 
normalised  birefringence  factor. 


-■ - ' - 1 - > - 1 - 1 - 1 - 1 _ 1  .  I 

0  12  3  4  5 


Figure  1  Relative  birefringence  as  a  function  of  the  normalised  frequency  for  core  index 
3.6,  cladding  index  3.17,  wavelength  1.55pm;  points:  direct  calculation,  line: 
prediction  from  eq.  (9). 

Next  the  value  of  v  is  kept  constant  by  varying  the  index  difference  and  the  slab  thickness 
simultaneously.  The  square  root  of  the  relative  birefringence  is  then  shown  as  a  function  of 
the  relative  index  difference  in  figure  2,  the  expression  given  by  eq  (9)  predicts  a  straight  line. 


Figure  2  The  square  root  of  the  relative  birefringence  shown  as  a  function  of  the  relative 
index  difference  for  v=l;  points:  direct  calculation,  line:  prediction  from  eq.  (9). 
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Discussion  and  conclusion 

We  have  derived  a  general  expression  for  birefringence  in  a  planar  waveguide,  and  from  this 
found  a  very  simple  expression  for  the  birefringence  in  the  important  special  case  of  a 
symmetrical  slab.  The  result  consists  of  two  factors,  the  first  being  the  square  of  the  relative 
index  difference,  and  the  second  being  an  expression  consisting  entirely  of  normalised 
parameters.  We  have  shown  that  this  result  is  in  excellent  agreement  with  the  numerical 
solution.  Consequently  it  is  sufficient  to  solve  for  the  TE  case  and  then  apply  a  simple 
correction  to  get  the  TM  propagation  constant  and  the  birefringence,  it  is  not  necessary  to 
solve  the  TM  problem  directly. 

The  general  result  expressed  in  eq.  (4),  offers  some  insight  into  the  general  problem  of 
birefringence  minimisation.  It  shows  that  the  derivative  of  the  intensity  should  be  low  in 
places  where  the  refractive  index  varies.  This  is  shown  very  clearly  in  the  result  for  the  slab 
waveguide  given  by  eq.  (9)  since  the  normalised  birefringence  factor  is  minimised  for  b-4’0 
and  for  b^l.  Equation  (4)  also  allows  a  simple  evaluation  of  waveguide  birefringence  for 
other  waveguide  structures  where  the  field  distribution  for  the  TE  mode  is  known. 
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1  Introduction 

Considerable  attention  has  been  paid  to  reflection  problems  at  the  facets  of  optical  wave¬ 
guides  [l]-[3].  Recently,  the  finite-difference  time-domain  (FD-TD)  method  was  used  to 
analyze  optical  waveguides  with  an  antireflection  (AR)  coating [4]  [5].  The  numerical 
modeling  has  an  advantage  of  applicability  to  arbitrary  structures  with  sufficient  ac¬ 
curacy.  It  should  be  noted,  however,  that  the  performance  of  the  absorbing  boundary 
condition  (ABC)  used  with  the  FD-TD  method  determines  the  dynamic  range  of  the 
numerical  simulation.  Widening  the  dynamic  range  is  crucial  to  the  evaluation  of  low 
power  reflectivities,  particularly  for  a  tilted  AR  coating. 

Berenger[6]  recently  published  the  perfectly  matched  layer  ABC  (PML-ABC).  The 
improved  performance  of  the  PML-ABC  relative  to  any  earlier  technique  has  been  verified 
in  optical  waveguides  [7]  [8]. 

The  purpose  of  this  paper  is  to  analyze  the  reflection  problems  of  optical  waveguides 
with  coated  and  tilted  facets  using  the  FD-TD  method,  and  to  demonstrate  the  simu¬ 
lation  having  an  increased  dynamic  range  over  that  for  the  conventional  Mur- ABC [9]. 
The  present  results  are  also  compared  with  other  analytical  results. 

2  Discussion 

We  consider  the  reflection  problems  for  a  single-layer  AR  coating.  The  configuration  to 
be  investigated  is  a  two-dimensional  symmetric  waveguide  whose  facet  is  coated  with  an 
AR  coating  of  thickness  T,  as  shown  in  Fig.l.  A  tilt  angle  of  the  facet  is  designated  as 
0.  The  +z  propagating  incident  wave  is  generated  on  the  incidence  plane  indicated  by 
a  dotted  line  in  Fig.l,  so  that  the  computation  region  is  divided  into  the  reflected  field 
and  total  field  regions. 

The  PML  is  a  nonphysical  lossy  medium  adjacent  to  the  outer  grid  boundary.  The 
PML  region  is  located  outside  the  waveguide  geometry  shown  in  Fig.l.  Within  the  PML, 
the  electromagnetic  waves  rapidly  decay  without  varing  the  velocity  and  field  impedance, 
so  that  the  outgoing  waves  vanish.  Throughout  this  paper,  the  PML  thickness  is  taken 
to  be  16  cells  with  a  theoretical  reflection  coefficient  R{0)  —  10~®[6]. 

We  first  compare  the  performance  of  the  PML-ABC  with  that  of  Mur-ABC.  The 
refractive  indices  of  the  core,  cladding,  and  AR  layer  are  chosen  to  be  Nco  —  3.6, 
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Ncl  =  3.564,  and  Nac  =  \/^  =  1-8938  (  Ne  is  the  effective  index  of  the  waveguide), 
respectively.  The  tilt  angle  is  fixed  to  be  0  =  0°.  A  wavelength  of  A  =  1.55/um  is  used 
and  the  normalized  frequency  is  taken  to  be  V  =  1.5.  Fig.2  shows  the  comparison  in  the 
power  reflectivity  as  a  function  of  coating  thickness  T,  when  the  TEq  wave  is  excited. 
From  each  set  of  data,  it  is  seen  that  the  reflectivities  become  minimums  when  the 
coating  thickness  L  is  around  0.206//m,  or  Ap/4.  It  should  be  noted,  however,  that  the 
simulations  using  the  PML-ABC  have  a  dynamic  range  over  that  for  the  Mur- ABC’s. 

We  next  compare  the  results  obtained  from  the  present  method  with  those  from  the 
other  approach  [1]  to  confirm  the  validity  of  our  numerical  results.  The  geometrical 
parameters  are  Nco  =  3.512  ,  Ncl  —  3.17,  Nac  =  1-8739,  L  —  0.224//m  and  2D  = 
0.25/tim.  Fig.3  shows  the  wavelength  dependence  of  reflectivities  for  TE  and  TM  waves. 
In  this  case  the  AR  coating  is  optimized  for  TE  wave.  Good  agreement  is  found  to  exist 
between  the  present  results  and  those  in  Ref.[l]  for  both  polarizations. 

Since  the  effectiveness  of  the  PML-ABC  has  been  verified,  we  apply  the  present 
method  to  a  tilted  facet  with  an  AR  coating.  The  reflectivity  as  a  function  of  tilt  angle  $ 
is  shown  in  Fig.4(a).  TEq  wave  excitation  whose  wavelength  is  A  =  is  considered. 

The  geometrical  parameters  are  the  same  as  those  in  Fig.2  (The  coating  thickness  is 
optimized  for  ^  =  0°).  For  comparison,  the  data  without  the  AR  coating  is  also  shown 
in  Fig.4(b).  It  is  clear  that  the  tilted  facet  with  the  AR  coating  achieves  an  extremely 
low  power  reflectivity  of  less  than  10~®.  The  AR  coating  reduces  the  reflectivity  by  two 
orders  of  magnitude. 

Steady-state  field  distributions  with  and  without  an  AR  coating  are  shown  in  Fig.5. 
The  typical  results  for  a  tilt  angle  of  8°  are  presented.  The  field  is  expressed  with  the 
sinusoidal  steady-state  amplitude,  which  can  be  obtained  by  the  numerical  integration 
of  a  time-dependent  signal  over  one  period.  It  is  seen  that  the  reflected  field  observed  in 
Fig. 5(b)  is  greatly  reduced  in  Fig. 5(a)  due  to  the  AR  coating. 

The  effect  of  the  AR  coating  thickness  on  the  reflectivity  is  shown  in  Fig.6.  The  tilt 
angle  is  taken  to  be  8°.  It  is  found  that  the  optimum  thickness  for  0  =  8°  is  nearly  the 
same  as  that  for  0  =  0°. 

Final  consideration  is  given  to  the  wavelength  dependence  for  both  polarizations. 
Fig. 7  shows  the  reflectivity  for  0  =  8°  as  a  function  of  wavelength.  Calculation  shows 
that  the  wavelength  at  which  the  minimum  reflectivity  is  observed  for  TE  wave  is  slightly 
different  from  that  for  TM  wave.  It  should  be  noted,  however,  that  the  low  power 
reflectivities  are  obtained  over  a  wide  range  of  wavelengths  for  both  polarizations. 

3  Conclusions 

We  have  demonstrated  that  the  FD-TD  method  with  the  perfectly-matched  layer  absorb¬ 
ing  boundary  condition  (PML-ABC)  is  a  powerful  tool  for  designing  optical  waveguides 
with  coated  and  tilted  facets.  The  use  of  PML-ABC  allows  us  to  evaluate  low  power 
reflectivities,  as  compared  with  the  conventional  ABC’s.  We  have  also  shown  the  sup¬ 
pression  of  the  reflected  field  from  the  facet  due  to  an  AR  coating.  Further  calculation 
shows  the  wavelength  dependence  of  reflectivity  for  both  polarizations. 
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Fig.l  Configuration  of  coated 
and  tilted  facets 


Fig. 2  Comparison  in  reflectivity  among  ABC’s 

{e  =  0^) 


Fig. 3  Comparison  in  reflectivity  between 
the  present  results  and  those  in  ref.fll 
{0  =  0") 
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ig.4  Reflectivities  as  a  function  of  tilt  angle  9 
(a)with  coating  and  (b)  without  coating 


Fig.6  Reflectivity  as  a  function  of 
AR  coating  thickness(0  =  8°) 
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Introduction:  The  development  of  Er-doped  fiber 
amplifiers  and  fiber  lasers^*^  has  recently  spawned 
interest  in  LiNb03 -based  integrated  optic  versions  of 
these  devices^>4  ^  variety  of  guided  traveling  wave 
amplifiers  and  lasers  pumped  at  1.48pm,  have  been 
demonstrated.  Model  calculations  and 

measurements  of  Er-doped  fibers  have  shown^’^, 
however,  that  the  980nm  pump  wavelength  has  a 
higher  efficiency  and  lower  noise  figure  than  1480nm 
due  to  the  absence  of  pump  induced  stimulated 
emission.  In  model  calculations  similar  to  Ref  4,  we 
recently  found  that  a  980nm  pump  should  have  a 
higher  slope  efficiency  than  a  1480nm  in  LiNb03 
waveguides.  This  Letter  reports  the  experimental 
results  of  the  optical  gain  in  Er-indiflused  Ti:LiNb03 
and  Zn0:Mg:LiNb03  channel  waveguides  pumped 
around  980nm. 

Sample  fabrication:  A  15nm  thick  planar  Er  film  was 
ion-beam  sputtered  over  half  of  the  -z  face  of 
commercial  LiNb03  substrates  and  then  thermally 
dffiused  in  a  tube  furnace  at  1 100°C  for  90  hours  with 
l  .OL/min  of  flowing  oxygen  bubbled  through  20cm  of 
water.  Optical  waveguides  were  formed  by  thermal  in- 
difflision  of  810A  thick  Ti  stripes  at  1025°C  for  7.5 
hours  with  the  same  atmosphere  as  in  the  Er  difiusion. 
Waveguides  in  the  Er-free  half  were  used  to  estimate 
the  coupled  pump  power.  For  the  ZnO:Mg:LiNb03 
waveguide,  the  Er  was  diffiised  for  300  hours  on 
5moI%  Mg  bulk-doped  substrate,  and  220nm  ZnO 
stripes  were  diffused  at  940°C  for  10  minutes. 

Sample  measurement:  The  absorption  cross  sections  of 
Er-doped  LiNb03  were  first  measured  from  a  bulk 
doped  sample,  as  shown  in  Fig.  1.  The  cr-polarization 
at  980nm  is  obviously  preferable  for  pumping  the 
^II  1/2  level  of  the  Er^"^  ions. 
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Fig.  1 .  Absorption  cross  sections  of  bulk  doped 
Er:LiNb03  at  two  polarizations. 

A  tunable  Ti:sapphire  laser  operated  around 
980nm  is  used  as  the  pump  source.  The  lifetime  of  the 
1532nm  fluorescence  in  the  both  types  of  waveguides 
was  measured  to  be  2.7ms,  comparable  to  that  reported 
in  Ref  5.  Green  up-converted  light  was  observed  due  to 
the  excited  state  absorption  at  the  ‘^Ii3/2  level  of  the 
Er^"*"  ions. 

A  forward  pump-and-probe  measurement 
scheme  for  estimating  the  small  signal  optical  gain  is 
shown  in  Fig.  2.  A  compensator  allows  the  adjustment 
of  the  pumping  polarization.  The  signal  light  and  pump 
light  are  combined  by  a  1530nm/980nm  wavelength 
division  multiplexer  (WDM),  whose  output  is  single¬ 
mode  for  both  the  signal  and  the  pump  light.  No 
coating  is  used  on  either  end  of  the  sample,  so  the 
pump  light  makes  only  a  single  pass.  The  mode  profiles 
of  the  signal  and  pump  light  used  for  model 
calculations  were  also  measured  with  an  IR  vidicon. 
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Fig.  2.  The  pump-and-probe  setup  for  measuring 
the  optical  gain  of  the  Er:LiNb03  waveguides. 
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A  simple  method  was  used  to  estimate  the 
pump  intensity  necessary  to  reach  zero-gain  (or 
transparency).  We  adjusted  the  pump  power  so  that 
when  we  scanned  the  transmitted  signal,  a  flat 
spectrum  around  1532nm  was  obtained.  The 
transmitted  signal  level  at  this  pump  power  therefore 
corresponds  to  the  zero-gain  level,  and  the  pump 
intensity  is  the  transparency  pump  power.  Gain  is 
measured  relative  to  this  level.  This  method,  however, 
ignores  fiber-waveguide  coupling  loss  and  the 
scattering  loss  (typically  0. 2-0.4  dB/cm)^,  both  of 
which  are  approximately  wavelength-independent 
around  1532nm. 

Results:  The  measured  optical  gain  of  an  -8  pm  wide, 
1.7cm  long  Ti-  diffused  waveguide  is  shown  in  Fig.  3. 
The  transparency  pump  power  is  less  than  25mW.  At 
the  maximum  available  coupled  pump  power  of  80mW 
(a-polarization),  a  gain  of  2.7±0.2dB  at  1531.6nm 
along  a-polarization  is  obtained.  This  1.6dB/cm 
performance  is  over  two  times  better  than  the  previous 
result  using  1480nm  single-pass  pumping.^  The  gain 
fluctuation  at  high  pump  power,  shown  in  Fig.  2  by 
error  bars,  is  mainly  due  to  the  photorefractive  effect, 
which  continuously  changes  the  coupling  and  the 
optical  mode  structure  in  the  LiNb03  waveguide.  A 
gain  of  4.7dB  was  obtained  for  about  1  second  before 
the  photorefractive  effect  takes  place.  We  speculate  that 
this  larger  gain  is  due  to  better  coupling  efficiency  of 
pump  power  before  the  photorefractive  damage. 

A  model  calculation  similar  to  Ref.  4  is  shown 
in  Fig.  3,  in  which  the  pump  induced  stimulated 
emission  is  included  for  the  1484nm  pumping.  We  can 
see  that  980nm  pumping  has  a  much  better  gain 
performance  than  1484nm,  although  it  shows  some 
instability  at  high  pump  power  due  to  the 
photorefractive  effect. 


Fig.  3.  The  measured  optical  gain  of  a  1.7cm  long 
Er:Ti:LiNb03  waveguide.  The  dashed  lines  show 
the  calculated  results  for  both  980nm  and  1484nm 
pump. 


The  excitation  gain  spectrum,  obtained  by 
scanning  the  pumping  wavelength,  is  shown  in  Fig.  4. 
Good  amplification  performance  can  be  obtained  over  a 
range  of  --3nm,  a  broad  window  for  diode  laser 
pumping.  It  is  also  interesting  to  note  that  the  peak  in 
the  excitation  spectrum  occurs  several  A  lower  than  the 
peak  observed  from  bulk  Er-doped  samples  (shown  as  a 
dotted  line  of  Fig.  4).  This  suggests  that  the  Ti  dopant 
may  have  a  small  effect  on  the  Er  spectrum.  In  fact,  the 
peak  in  the  optical  gain  spectrum  at  I531.6nm  is  also 
-3 -4 A  higher  than  the  fluorescence  peak  obtained  from 
bulk  Er-doped  samples. 


Fig.  4.  The  excitation  gain  spectrum  of  the 
Er:Ti:LiNb03  waveguide  (-•-).  The  dotted  line  is 
measured  from  bulk  Er-doped  LiNb03  samples. 
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In  order  to  overcome  the  problem  caused  by 
the  photorefractive  effect,  we  also  tested  the 
Zn0:Mg:LiNb03  waveguides A  very  stable  gain  of 
1.8dB  (at  7t-polarization)  over  2.1cm  long,  --9pm  wide, 
waveguide  was  obtained  with  60mW  coupled  power  (at 
a-polarization),  as  shown  in  Fig.  5,  which  suggests  a 
promising  performance  on  this  type  of  waveguides. 
This  sample,  however,  shows  a  slightly  rough  surface 
after  the  long  Er  difihision,  which  may  cause  a  larger 
scattering  loss.  We  have  not  yet  attempted  to  optimize 
the  mode  profiles  of  this  waveguide  to  achieve  a  higher 
pump  efficiency. 


Coupled  pump  power  (mW) 


Fig.  5.  The  measured  optical  gain  of  a  2.1cm  long 
Er:Zn0:Mg:LiNb03  waveguide  using  980nm 
pump. 


Conclusion:  We  have  demonstrated,  for  the  first  time, 
the  optical  gain  in  Er-indiffiised  LiNb03  channel 
waveguides  pumped  at  980nm.  A  small  signal  gain  of 
1.6dB/cm  is  obtained  with  80mW  pump  power  on  Ti 
waveguides,  whose  performance  is  limited  by 
photorefractive  effect.  Er-indiffiised  Zn0:Mg:LiNb03 
channel  waveguides,  however,  show  no  photorefractive 
effect.  Positive  gain  is  observed  with  moderate  pump 
power. 
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The  quasi-phase-matched  second-harmonic  generation(QPM-SHG)  in  a  periodically  domain-inverted 
waveguide  is  a  promising  technique  to  get  a  compact  blue  light  source.  It  has  been  already  demonstrated  in 
LiNb03  and  LiTaOs  waveguides.  LiTaOa  is  a  favorable  nonlinear  optic  crystal  owing  to  its  high  optical  damage 
resistance  and  high  nonlinearity. 

The  domain  grating  for  the  first  order  QPM  can  be  formed  on  -c  face  of  LiTa03  by  selective  proton  exchange 
and  quick  heat  treatment!  1].  Then,  channel  waveguides  are  formed  perpendicular  to  the  domain  grating.  LiTa03 
waveguides  fabricated  by  proton  exchange(PE)  and  a  short-time  annealing  may  have  a  tight  mode  confinement!  1] 
that  is  required  to  achieve  a  high  conversion  efficiency.  The  conversion  efficiency  over  1000  %AVcih^  is  expected 
by  a  theoretical  calculation!!].  However,  the  reported  efficiency  is  about  230  %/Wcm^.  A  possible  explanation  for 
this  difference  is  a  reduced  nonlinearity  due  to  the  PE  process  for  domain  inversion(DI)  and  waveguide 
formation!3].  It  is  reported  that  the  nonlinearity  of  LiTa03  is  severely  degraded  near  the  crystal  surface  by  a  high 
PE  rate,  and  the  damaged  nonlinearity  cannot  be  recovered  in  the  whole  waveguide  cross-section  by  the 
conventional  short-time  annealing!3].  For  example,  if  a  device  has  zero  nonlinearity  from  surface  to  1  pm  depth 
due  to  the  damaged  nonlinearity!3],  the  calculated  efficiency  is  lower  than  200  %AVcm^.  This  is  similar  to  the 
reported  values.  Therefore,  it  is  desirable  to  reduce  the  amount  of  PE  to  fully  utilize  the  original  nonlinearity  in 
LiTa03. 

In  this  paper,  we  report  an  efficient  second-harmonic  blue  light  generation  in  a  LiTa03  QPM  waveguide.  To 
preserve  the  nonlinearity  the  QPM  waveguide  is  fabricated  with  a  small  amount  of  PE.  To  reduce  the  amount  of  PE 
in  fabricating  the  QPM-SHG  device,  a  Ta-Si02  mask  is  used  for  the  domain  grating  and  a  Si02  mask  for  the 
waveguide.  In  a  QPM-SHG  waveguide  with  a  length  of  8  mm,  the  second-harmonic  blue  light  of  1  mW  at  429  nm 
is  generated  with  the  fundamental  wave  power  of  10.3  mW.  Its  normalized  efficiency  is  1500  %AVcm^  which  is  the 
highest  value  for  LiTa03  devices  reported  to  date. 
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Recently,  we  reported  DI  formed  by  using  the  heat  treatment  with  a  Ta-Si02  mask[4].  Fig.  1  shows  the  effect 
of  the  mask  for  the  difiiision  flux  during  the  heat  treatment  for  the  DI.  In  case  of  the  heat  treatment  with  the 
mask(Fig.  1(a)),  the  mask  promotes  proton  diffusion  into  the  substrate  by  suppressing  proton  diffusion  out  of  the 
substrate.  On  the  other  hand,  in  case  of  the  heat  treatment  without  the  mask(Fig.  1(b)),  the  indiffusion  flux  will  be 
lowered  by  the  proton  outdiffiision.  According  to  the  DI  mechanism[5]  in  LiTa03,  the  enhanced  indiffiision  causes 
a  strong  poling  field  inside  the  substrate,  and  it  results  in  a  deep  DI.  For  the  same  DI  depth  the  heat  treatment  with 
the  mask  requires  less  amount  of  initial  PE  than  that  without  the  mask.  Typically,  the  amount  of  PE  is  reduced  to 
about  50  %  of  that  used  in  a  conventional  DI  process  without  the  mask. 

Previously,  we  also  proposed  proton  diffusion(PD)  with  a  Si02  mask  to  fabricate  good  quality  waveguides[6]. 
This  process  uses  a  small  amount  of  initial  PE  owing  to  the  proton-conserving  property  of  the  Si02  mask.  PD  is 
carried  out  at  a  high  temperature  using  the  Si02  mask  above  the  waveguide  channel.  During  PD  the  Si02  mask 
promotes  proton  indiffiision  by  inhibiting  proton  outdiffiision,  which  facilitates  the  appropriate  index  increase  for 
guided  modes  in  the  depth  direction.  By  using  this  process,  good  waveguides  in  Y-cut  LiNbOa  were  demonstrated 
without  surface  damage  and  the  degradation  of  electrooptic  effect[6].  On  the  other  hand,  the  annealed  proton 
exchange(APE)  method  has  some  difficulty  in  fabricating  Y-cut  LiNbOa  single-mode  waveguide  because  of  the 
surface  damage  resulting  from  PE. 

The  fabrication  procedure  of  a  LiTaOa  QPM-SHG  waveguide  device  is  shown  in  Fig.  2.  After  depositing 
periodic  Ta  film  stripes  with  a  3.5  (xm  period  and  a  2.0  pm  stripe  width  on  -c  face  of  LiTaOa,  we  put  the  sample 
for  PE  in  pure  benzoic  acid  melt  at  220  °C  for  40  min  (Fig.  2(a)).  After  removing  Ta  stripes,  a  Ta-SiOa  mask  is 
deposited  on  the  proton-exchanged  surface  to  get  a  deep  DI  (Fig.  2(b)).  The  sample  is  heat-treated  at  570  °C  for  30 
sec  using  a  rapid  thermal  annealing(RTA)  furnace  (Fig.  2(c)).  We  use  a  rapid  heat-up  rate  of  80  °C/sec.  Both  DI 
depth  and  width  are  equal  to  1.8  pm  as  shown  in  Fig.  3.  We  form  channel  waveguides  with  a  pattern  width  of  4  p 
m  (Fig.  2(d)),  perpendicular  to  the  domain  grating.  PE  is  performed  in  pure  benzoic  acid  melt  at  220  °C  for  40 
min.  After  PE,  a  SiOa  mask  is  deposited  in  the  waveguide  region  to  get  a  tight  mode  confinement[7]  by 
suppressing  the  proton  outdiffiision.  PD  with  the  SiOa  mask  is  performed  for  5  min  in  a  furnace  at  400  °C.  After 
the  PD  is  done,  the  exchange  factor  x  of  Li(i.;f)H(TaOa  in  the  whole  region  of  our  waveguide  is  estimated  to  be 
lower  than  the  critical  value[3]  of  0. 16.  Below  this  critical  value,  the  crystal  phase  is  maintained  in  the  single 
original  a  phase,  and  the  crystal  nonlinearity  is  completely  restored[3]. 

The  characteristics  of  our  SHG  device  are  measured  by  using  a  widely  tunable  TirAlaOa  laser  as  fundamental 
wave  source.  The  measured  results  are  shown  in  Fig.  4.  The  conversion  efficiency  is  calculated  by  measuring  the 
powers  of  the  fundamental  wave  and  the  second-harmonic  blue  light  through  the  waveguide  end  face.  The  SHG 
device  with  a  length  of  8  mm  stably  generates  blue  light  of  ImW  at  429  nm  when  the  fundamental  wave  power  is 
10.3  mW.  The  conversion  efficiency  is  almost  10  %  and  the  normalized  efficiency  is  1500  %AVcm^.  The 
dependence  of  SHG  on  the  fiindamental  wave  power  is  shown  in  Fig.  4(a).  The  second-harmonic  wave  power  is 
proportional  to  the  square  of  the  fundamental  wave  power.  The  dependence  of  the  fundamental  and  the  second- 
harmonic  wave  power  is  shown  in  Fig.  4(b),  which  also  demonstrates  the  maximum  conversion  of  the  fundamental 
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wave  at  858.5  nm  into  the  second-harmonic  wave.  The  measured  FWHM  bandwidth  is  0.17  nm  that  agrees 
reasonably  with  theoretical  bandwidth  of  0. 12  nm. 

In  conclusion,  we  demonstrated  that  the  SHG  efficiency  of  LiTaOs  waveguide  is  significantly  enhanced  by 
reducing  the  amount  of  PE  in  fabricating  the  SHG  device.  To  reduce  the  amount  of  PE  we  used  a  Ta-Si02  mask  in 
the  heat-treatment  for  the  domain  grating  and  a  Si02  mask  in  the  proton  diffusion  process  for  the  waveguide.  In 
the  fabricated  device,  the  second-harmonic  blue  light  of  1  mW  at  429  nm  was  generated  with  the  fundamental 
wave  power  of  10.3  mW.  Its  normalized  efficiency  is  1500  %/Wcm^  which  is  the  highest  value  for  LiTaOj  devices 
reported  to  date. 
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Fig.  1  Duffiision  flux  during  the  heat  treatment 
(a)  with  the  mask  and  (b)  without  the  mask. 


Fig.  3  Revealed  domain-inversion  structure. 
Both  DI  width  and  depth  are  1.8pm. 
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Fig.  2  Fabrication  procedure  of  a  QPM-SHG  device: 
(a)  selective  PE  for  DI,  (b)  deposition  of  Ta-Si02 
mask,  (c)  quick  heat  treatment  with  the  Ta-Si02 
mask,  (d)  PE  for  waveguide,  (e)  deposition  of  Si02 
mask,  and  (f)  proton  diffusion  with  the  Si02  mask. 
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(a)  (b) 

Fig.  4  Measured  characteristics  of  SHG  device  (a)  second-harmonic  wave  power  against  fundamental 
wave  power  and  (b)  second-harmonic  wave  power  against  fundamental  wavelength. 
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Introduction 

Recently,  there  has  been  an  increasing  interest  in  studying  the  properties  of  annealed 
proton-exchanged  (APE)  stmctures  in  LiTa03  due  to  its  large  electro-optical  and  nonlinear 
coefficients,  as  well  as  a  higher  optical  damage  threshold  than  that  of  LiNb03.  Previous  studies 
have  indicated  the  anomalies  of  waveguides  formed  in  LiTa03  [1-5],  in  particular,  an  increase  of 
the  extraordinary  index  increment  upon  annealing  [1].  The  feasibility  of  obtaining  buried  profiles 
in  just  a  single-step  diffusion  has  also  been  suggested  [2,5],  however,  could  not  be  verified  due  to 
the  lack  of  data  from  direct  measurements  of  refractive-index  profiles.  On  the  other  hand,  the 
presence  of  buried  profiles  would  seriously  undermine  the  adequacy  of  previous  theoretical  studies 
most  of  which  relied  on  the  inverse  WKB  procedure  and  monotonically  decreasing  depth  profiles 
[2].  As  for  the  ordinary  index,  very  scarce  information  was  available  on  its  negative  change  on 
account  of  the  absence  of  guided  modes  for  this  polarization  and,  as  a  consequence,  inapplicability 
of  conventional  profile  reconstruction  methods.  Overall,  most  of  the  previous  studies  have  been 
based  on  indirect  approaches,  with  associated,  sometimes  questionable,  assumptions  to  deduce 
information  of  the  actual  index  profile.  Therefore,  the  importance  of  direct  optical  characterization 
of  index  profiles  for  developing  and  examining  theoretical  models  is  quintessential. 

In  this  paper,  we  present  the  results  of  direct  profile  measurements  of  annealed  proton- 
exchanged  (APE)  waveguides  in  X-cut  LiTa03.  A  reflection  technique  was  applied  to  directly 
profile  waveguides  with  varying  fabrication  conditions  for  both  extraordinary  and  ordinary 
polarizations.  High  spacial  resolution  was  achieved  by  bevelling  the  substrate  surface  at  a  small 
angle.  The  existence  of  buried  profiles  and  a  dramatic  increase  of  the  extraordinary  index  upon 
short  annealing  have  been  directly  proved,  for  the  first  time  to  the  best  of  our  knowledge.  Also,  we 
have  obtained  accurate  scans  of  the  ordinary  profile  showing  a  substantial  negative  change  as  well 
as  expansion  of  the  area  delimited  by  the  profile  for  increasing  annealing  time. 


Fabrication  and  Profiling  of  Waveguides 

A  set  of  planar  waveguides  was  fabricated  by  exchanging  X-cut  LiTa03  substrates  in 
pyrophosphoric  acid  for  20  min  at  260°C.  Longer  exchange  times  lead  to  cracks  on  the  substrate 
surface  caused  by  the  difference  in  expansion  along  Z-  and  Y-  axes  and  the  associated  in-plane 
stress  component.  The  substrates  were  annealed  at  300“C  in  air  with  annealing  times  varying  from 
0  (as-exchanged  waveguides)  to  60  min.  A  tantalum  film  was  deposited  on  top  of  the  substrate  to 
serve  as  the  reference  for  the  air-substrate  interface.  Approximately  half  of  the  substrate  surface 
was  bevelled  at  an  angle  a  of  2°  to  magnify  the  depth  profiles  by  1/sina  times  (Fig.l).  Finally,  an 
AR  coating  (A.=0.633iim)  was  deposited  on  the  back  surface  to  minimize  the  interference  between 
the  backreflection  from  it  and  the  light  reflected  by  the  bevelled  surface. 
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The  waveguide  profiles  were  characterized,  with  a  refiectivity  technique  [6],  by  scanning 
the  focused  beam  of  a  He-Ne  laser  (Fig.l),  polarized  along  the  ordinary  or  extraordinary  crystal 
axis,  across  the  waveguide  cross-section  and  measuring  the  variation  of  intensity  of  the  reflected 
light  due  to  a  refractive  index  change.  The  variation  AI  of  intensity  I  of  reflected  light  is  known  to 
be  related  to  the  index  profile  as: 

M  _  1(  1 

I  njn, 

where  An  and  n^  are  the  local  increment  and  the  bulk  value  of  ordinary  or  extraordinary  index, 
respectively. 


Fig.  1.  Experimental  setup  for  reflectivity 
measurements  of  index  profiles. 


The  light  incident  on 
the  sample  was  chopped  and  a 
lock-in  amplifier  was  used  at 
the  photodetector  output  in 
order  to  improve  SNR.  Real¬ 
time  index  profiles  were 
obtained  by  scanning  the 
sample  under  the  focused 
beam  (in  the  depth  direction) 
at  a  low  frequency,  feeding  an 
oscilloscope  with  the  output 
signal  of  the  lock-in  amplifier, 
and  calibrating  the  absolute 
value  of  the  index  increment 
from  the  known  bulk  index  of 
lithium  tantalate.  The  position 
of  the  air-substrate  interface 
was  determined  by 
monitoring  a  sharp  peak  in 
reflectivity  when  the  beam 
moved  onto  the  area  covered 
by  the  Ta  film. 


Results  and  Discussion 


Fig.2  shows  the  measured  and  a  splined  smooth  fitted  profile  determined  for  the 
extraordinary  polarization  of  incident  light  on  a  sample  with  annealing  time  ta=15  min.  It  should 
be  noted  that  the  measured  curve  exhibited  ripples  whose  origin  still  needs  to  be  clarified.  As  seen, 
the  magnitude  of  ripples  is  below  ~  15%  of  the  maximum  index  increment.  Taken  alone,  possible 
interference  between  the  beam  refiected  from  the  bevelled  (top)  and  bottom  surfaces  cannot 
explain  this  phenomenon,  since  practically  no  ripples  were  observed  beyond  the  waveguide  area. 
For  presentation  clarity,  we  fitted  all  the  measured  profiles  (1^=0  to  60  min),  but  that  for  the  as- 
exchanged  waveguide,  with  splined  smooth  curves  which  accentuate  profile  evolution  upon 
annealing  without  adding  substantial  rounding  errors  as  illustrated  in  Fig.3. 
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Fig.3  illustrates  that  index  changes  measured  for  as-exchanged  waveguides  were  rather  low 
and  as  a  result,  were  significantly  obscured  by  the  aforementioned  ripples  preventing  us  firom  using 
any  fit  to  the  measured  curve.  The  maximum  index  increment,  however,  dramatically  increases 
upon  short  annealing,  reaching  -0.02  for  30-min  annealing  time.  The  shape  of  the  waveguide  index 
also  experiences  rapid  transformations  revealing  the  presence  of  buried  profiles  for  samples 
annealed  for  7.5  and  15  min.  This  is  the  first,  to  the  best  of  our  knowledge,  direct  demonstration  of 
the  existence  of  buried  APE  profiles  in  LiTa03.  The  possibility  of  obtaining  buried  profiles  in  just  a 
single-step  diffusion  due  to  a  nonlinear  dependence  of  the  refractive  index  on  proton  concentration 
has  been  suggested  in  recent  studies  [2,5,7].  The  current  verification  pinpoints  the  fact  that  a 
rigorous  theoretical  analysis  of  APE  waveguides  in  LiTa03  is,  to  a  large  extent,  hindered,  if 
possible  at  all,  until  the  phase  diagram  of  this  material  is  known.  Some  first  results  have  indicated 
the  nonlinearity  of  the  refractive  index  versus  proton  concentration  [7].  Yet,  more  accurate  data  is 
desired  which  we  intend  to  obtain  in  the  future  by  comparing  optical  profiles  versus  proton 
concentration  distributions  measured  with  an  appropriate  technique,  such  as  SIMS. 

Using  the  reflectivity  technique,  ordinary  profiles  were  determined  in  the  same 
straightforward  manner  with  accuracy  and  resolution  difficult  to  achieve  if  using  conventional 
interferometric  methods.  Note  again,  curves  fitted  to  the  measured  distributions  with  ripples  are 
plotted  in  Figs.4  and  5.  Summarized  in  Fig.5,  the  obtained  results  indicate  that,  as  opposed  to  the 
extraordinary  profiles,  there  no  apparent  buried  profiles  for  this  polarization.  As  expected,  the 
measured  index  values  are  negative  for  ordinary  polarization.  By  comparing  Figs.3  and  5,  it 
follows  that  for  the  same  annealing  time  the  index  distributions  for  the  two  polarizations  have  an 
approximately  identical  width,  however,  the  magnitude  of  the  ordinary  index  decrease  is 
substantially  larger  than  the  corresponding  increase  in  the  extraordinary  increase  for  short 
annealing  times.  It  is  noted  that  the  peak  value  of  the  negative  ordinary  change  for  the  as- 
exchanged  waveguides  is  comparable  to  those  reported  by  Ahlfeldt  et  al  [2,3]. 

We  also  performed  preliminary  measurements  of  temporal  instabilities  in  APE  profiles 
which  had  been  reported  to  affect  the  waveguide  properties  in  LiTa03.  As  an  example,  we 
observed  a  15%-decrease  of  the  extraordinary  profile  of  a  15-min  annealed  sample  over  a  2-week 
period.  Further  investigation  is  in  progress  as  well  as  the  studies  on  the  dispersion  of  the  refractive 
index  increment. 


Conclusion 


APE  waveguides  in  X-cut  LiTa03  were  profiled  by  using  reflectivity  measurements.  The 
existence  of  buried  profiles  was  directly  observed  for  the  first  time  to  the  best  of  our  knowledge,  as 
well  as  the  rapid  evolution  of  the  index  profile  during  the  annealing  process.  These  facts 
substantiate  the  need  for  more  adequate  approaches  than  the  routinely  used  WKB  method,  to 
analyze  the  profiles  of  APE  waveguides  in  LiTa03,  especially  for  short  annealing  times.  New  data 
on  the  ordinary  index  profiles  and  their  modification  upon  annealing  were  also  obtained. 
Experiments  devised  to  obtain  the  dependence  of  the  refractive  index  on  proton  concentration  are 
currently  in  progress.  The  dispersion  of  the  waveguide  refractive-index  increment  needs  to  be 
determined  over  a  spectral  range  up  to  1.3  and  1.55  p,m.  At  these  wavelengths,  the  present 
technique  can  be  applied  for  the  characterization  and  design  of  single-mode  channel  waveguides 
where  practically  no  other  suitable  approach  is  available. 
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Fig.  3.  Extraordinary  index  profiles  for 
various  annealing  times. 


Fig.  4.  Measured  (solid)  and  fitted 
(dashed)  ordinary  index  profile  for 
15  minute  annealing. 


Fig.  5.  Ordinary  index  profiles  for  various 
annealing  times. 
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Introduction 

Directional  coupling  between  two  parallel  single-mode  optical  waveguides  is  the  functional  principle  un¬ 
derlying  numerous  integrated  optical  devices,  such  as  modulators  [1],  filters  [2]  and  sensors  [3,  4],  As  the 
coupling  efficiency  depends  critically  on  the  synchronism  of  wave  propagation  and  on  the  field  overlap 
of  the  two  guides,  tight  tolerances  apply  in  waveguide  fabrication,  and  a  precise  determination  of  the 
coupling  parameters  is  essential. 

Here  we  address  the  problem  of  measuring  the  coupling  coefficient  C  which  characterizes  the  coupling 
between  the  two  guides  which  form  a  symmetric  coupler.  In  a  lossless  coupler  optical  power  is  transferred 
completely  back  and  forth  between  the  guides,  oscillating  with  a  spatial  periodicity  A  —  27r/(7.  When 
the  guides  are  lossy,  the  oscillation  is  attenuated.  Using  an  alternative  description  the  oscillation  and 
attenuation  may  be  understood  by  as  a  ’"beating”  phenomenon  between  the  symmetric  and  antisymmetric 
’supermode’  (m  =  1,2)  of  the  structure.  These  modes  propagate  independently  of  each  other  with 
complex  propagation  constants  F^  —  Pm  Their  superposition  varies  according  to  the  complex 

difference  C  ^  T2  -Ti  -  AP  ^  jAa,  where  AP  -  P2  -  Pi  and  Aa  =  a2  -  This  means  a  spatial 
periodicity  A  —  27r/A/?  and  an  attenuation  of  the  beat  amplitude  proportional  to  exp(— Aaz).  In  this 
paper  we  measure  the  difference  C  by  scanning  a  small  thermo-optic  perturbation  along  the  coupler  and 
observing  the  induced  periodic  variation  of  the  output  power.  In  the  earlier  interpretation  this  C  is  the 
coupling  constant  between  the  two  guides. 

This  thermo-optic  method  has  recently  been  demonstrated  for  the  measurement  of  the  beat  length  A 
between  two  modes  of  orthogonal  polarization  [5].  It  works  equally  well  between  the  supermodes  of  a 
directional  coupler,  and  its  generalization  to  include  the  loss  difference  is  straightforward.  Compared  to 
alternative  techniques  [6,  7,  8,  9]  of  measuring  A,  the  thermo-optic  method  is  advantageous  because  it 
does  not  require  access  to  the  evanescent  field  above  the  coupler.  Therefore  it  permits  application  also 
to  buried  guides. 

Theory 

We  consider  the  general  case  of  a  lossy  symmetric  directional  coupler.  It  supports  two  guided  waves 
(’supermodes’)  with  complex  propagation  constants  F^,  local  amplitudes  Am{z)  =  Am(0)  exp{jTmz),  and 
vectorial  field  distributions  F^(ic,  y).  In  the  absence  of  a  perturbation  they  propagate  independently  along 
the  coupler.  Their  total  electrical  field  is  the  superposition  E{x,y,z)  =  Am{0)Fm{x,y) 

At  a  position  2:  along  the  coupler  the  modal  powers  are  Pm{z)  =  \Am{z)\^  =  lA  m  (0)P  exp  (—2a 
assuming  that  the  are  normalized  to  J  FJ^F^dr  dy  =  dmn^ 
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When  a  dielectric  perturbation  ar)  is  introduced  by  heating  of  a  spot  a.t  z  =  zq  on  the  coupler, 

the  modal  propagation  constants  Tm  are  modified  by  small  amounts  Kmm  and  the  supermodes  become 
coupled  by  local  coupling  coefficients  Kmn  which  may  be  shown  for  m,  n  =  1,  2  to  be 


with  ^0  as  the  free  space  wavenumber.  As  a  consequence  the  modal  amplitudes  are  modified  from  their 
original  values  Am  to  new  values  in  the  region  beyond  zq.  These  new  amplitudes  can  be  found  by 
integrating  the  coupled  mode  equations 


dAm{z)/dz  ~  j  E  ^mn  {z)exp[j{Tm  ~Tn)z]An{z)  (2) 

~  ^m(zQ  )  +  i  dCmn  ^n(^o)  (3) 

where  Kmn  -  J  Kmn{z  “  Zo)  exp[i(rn  -  r^)(z  -  Zo)]  dz  (4) 

The  modified  amplitudes  propagate  through  the  remaining  distance  {L  —  zq),  and  at  the  end  of  the  guide, 
z  —  L,  we  have  Am{L)  =  [A,^(0)  +  j  Yj  An (0)  exp[j(rn  -  r^)zo]]-  The  corresponding  power  ^ 
in  mode  m  is  obtained  as 

^m,L(^o)  =  |A^(L)p  =  PmiL)A2Kmny/P^^i^exp{~AazQ)cos{APzo~\-<l>mn)  (5) 

This  equation  shows  the  periodicity  A/?  of  the  variation  of  the  output  power  Pm{L)  when  the  position  zq 
of  the  perturbation  is  scanned  along  the  coupler.  It  also  shows  the  attenuation  with  Aa  of  the  oscillation 
amplitude.  Therefore,  a  measurement  of  Pm^ii^o)  yields  the  complex  coupling  coefficient  C. 


Experiments  and  Results 

We  start  with  the  measurement  of  real  coupling  coefficients  in  nonabsorbing  directional  couplers.  The 
symmetrical  coupler  supporting  two  modes  comprised  a  single-ended  input,  the  parallel  coupling  section, 
and  a  tapered  section  at  the  output.  Fig.  1.  The  couplers  were  fabricated  in  soda-lime  glass  slides  by 
thermal  /i**"  -  -exchange.  A  thin  black  layer  deposited  on  top  of  the  waveguides  was  heated  by  local 
illumination  inducing  thermo-optic  perturbation  using  thermo-optic  and  elasto-optic  effects.  In  order  to 
prevent  absorption  a  transparent  Teflon  layer  was  deposited  prior  to  the  spin-coated  absorbing  film.  Light 
from  a  980  nm  laser  diode  was  coupled  into  a  single  mode  fibre  and  directed  onto  the  absorbing  film,  Fig. 
1.  The  distance  between  fibre  tip  and  the  sample  was  h  ^  20/im,  yielding  a  spot  size  of  ^  9/im  on  the 
sample  surface.  The  coupler  modes  were  excited  at  0.6328  fim  via  the  input  waveguide.  At  the  output, 
light  emerging  from  one  branch  of  the  coupler  was  TM-polarized  and  detected.  By  applying  lock-in 
detection  with  a  chopping  frequency  of  fo  ^  350  Hz  and  having  8  mW  optical  power  at  the  fibre  tip 
a  relative  modulation  depth  of  3  •  10“^  was  measured.  For  the  measurement  of  the  coupling  coefficient 
the  fibre  was  scanned  along  the  waveguide  and  the  lock-in  reading  was  simultaneously  monitored.  Fig.  2 
shows  a  typical  measurement.  With  regard  to  Eq.(5),  by  fitting  a  sinusoid  to  the  data,  a  relative  error  in 
the  coupling  coefficient  below  SCfC  —  1.6%  has  been  obtained.  Finally,  in  Fig.  3  coupling  coefficients 
corresponding  to  directional  couplers  with  different  edge-to-edge  gap,  d,  in  the  original  mask  are  shown. 
The  plot  shows  to  the  first  order  an  exponential  dependence  of  the  coupling  coefficient  on  d,  which  is 
consistent  with  theory. 

For  the  measurement  of  complex  coupling  coefficients  of  absorbing  directional  couplers  we  chose  a  com¬ 
pound  structure  comprising  a  dielectric  waveguide  in  glass  and  a  gold  film  covering  the  waveguide 
over  a  well  defined  length,  Fig.  4.  The  dielectric  waveguides  were  fabricated  in  Pyrex  by  thermal 
-exchange.  Subsequently,  various  goldfilms  with  varying  thicknesses  between  d  -  (20... 50) 
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nm  were  deposited  and  the  coupler  performance  was  measured  dependent  upon  the  superstrate  index 
above  the  gold.  Unlike  the  case  of  the  directional  coupler  in  glass  we  used  the  gold  film  itself  as  an 
inherent  absorber.  Again  the  absorber  was  illuminated  using  a  laser  diode,  but  now  operating ''at  780  nm, 
via  a  single  mode  fibre  whereby  a  thermo-optic  perturbation  was  induced.  The  modes  of  the  compound 
structure  were  excited  at  0.6328  //m  via  the  single  mode  input  waveguide.  At  the  output  of  the  com¬ 
pound  structure,  the  remaining  fractions  of  the  mode  powers  couple  into  the  single  mode  of  the  output 
waveguide  which  is  p-polarized  and  detected.  In  order  to  keep  the  perturbation  region  relatively  small 
despite  having  a  comparetively  high  thermal  conductivity  of  gold  we  chose  a  modulation  frequency  of  the 
perturbation  source  of  /o  =  11  kHz.  For  the  measurement  an  index  liquid  was  put  onto  the  gold  film. 
The  fibre  tip  was  then  immersed  into  the  index  liquid  and  brought  into  close  proximity  to  the  gold  film, 
h  ^  bO  //m.  The  fibre  was  scanned  along  the  whole  length  of  the  compound  structure  and  the  detected 
signal  monitored  simultaneously.  For  having  ^  2  mW  at  the  fibre  tip  a  relative  modulation  depth  of 
1  •  10“^  has  been  determined.  Fig.  5  shows  a  modulation  signal  which  is  nearly  point  symmetric  to 
the  center  of  the  coupling  structure.  By  subtracting  the  modulation  signals  at  points  equally  spaced  to 
the  center  and  subsequent  normalization,  an  increase  with  increasing  distance  to  the  center  is  noticable 
which  can  be  explained  by  the  perturbation  source  becoming  increasingly  disaligned.  Taking  this  into 
account,  the  mirror  symmetry  of  the  peaks  is  analogous  to  both  cases  of  maximum  modulation  depth,  [5], 
having  either  two  modes  excited  and  one  mode  at  the  output,  or  vice  versa.  Between  the  peaks  coupling 
from  the  remaining  less  absorptive  mode  to  the  higher  absorptive  mode  can  not  be  seen  at  the  output  due 
to  the  excessive  waveguide  length  for  the  higher  absorptive  mode.  Note  that  part  of  the  z-independent 
modulation  signal  between  the  peaks  is  therefore  related  to  cross-coupling  !  In  Fig.  6  both  the  real  and 
imaginary  coupling  coefficient  can  be  determined.  The  real  coupling  coefficient  has  been  determined  with 
a  relative  error  of  4  %. 

Conclusions 

In  conclusion,  we  extended  the  theoretical  description  of  the  beatlength  measurement  technique  based 
upon  induced  modal  coupling  to  absorbing  modes  and  applied  the  thermo-optical  modulation  technique 
to  the  measurement  of  the  beatlength  in  nonabsorbing  and  absorbing  directional  couplers.  The  technique 
has  been  demonstrated  for  integrated  optical  directional  couplers  in  glass  and  for  a  directional  coupler 
comprising  a  dielectric  waveguide  in  glass  and  a  gold  film  covering  the  waveguide. 


Fig.  1  :  Experimental  setup  for  the  measure¬ 
ment  of  the  coupling  coefficient  of  direc¬ 
tional  couplers;  waveguide  width  w, 
edge-to-edge  waveguide  gap  d, 
distance  between  fibre  tip  and 
surface  of  sample  h,  laser  diode  LD, 
photodiode  PD,  linear  polarisor  POL. 


Fig.  4  :  Experimental  setup  for  the  measurement  of 
complex  coupling  coefficients  of  surface 
plasmon  coupled  dielectric  waveguide 
modes;  all  abbreviations  as  in  Fig.  1  but 
gold  layer  thickness  of. 
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Fig.  2  :  Measurement  of  the  coupling  coef¬ 
ficient  for  directional  coupler  with 
waveguide  width  w  =  (2.3  +/-  0.2)nm 
and  gap  d  =  (2.3  +/-  0.2)pm. 


Fig.  3  :  Log-linear  plot  of  the  coupling  coeffici¬ 
ent  C  versus  waveguide  gap  d,  wave¬ 
guide  width  w  =  (2.3  +/-  0.2)  pm. 


Fig.  5  :  Modulation  signal  measured  for  waveguide 
covered  by  gold  layer  of  thickness 
d  =  33  nm;  superstrate  index  no  =  1.390. 


z/tim] 

Fig.  6  :  Modulation  signal  measured  for  waveguide 
covered  by  gold  layer  thickness  d  =  20  nm; 
superstrate  index  nj  =  1.395. 
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1.  INTRODUCTION 

Recently  there  has  been  considerable  research  into  the  process  and  applications  of  the  UV 
induced  refractive  index  change  in  germanosilicate  glasses.  Most  of  the  Ge-doped  planar 
structures  reported  to  date  have  been  formed  by  flame  hydrolysis  and  require  hydrogen 
loading  for  up  to  2  weeks  [1]  to  become  reasonably  photosensitive.  An  alternative  deposition 
technique,  which  is  able  to  produce  photosensitive  films  without  hydrogen  loading,  is  Plasma 
Enhanced  Chemical  Vapour  Deposition  (PECVD).  UV  induced  refractive  index  changes  of 
up  to  +0.0035  [2]  and  in  the  range  from  -0.0036  to  +0.0017  [3]  have  been  reported  for  Ge- 
doped  PECVD  silica  films  without  use  of  hydrogen  loading. 

In  this  paper  we  present  more  experimental  data  on  Ge-doped  PECVD  silica  with  both 
positive  and  negative  UV-induced  refractive  index  changes  and  propose  mechanisms  which 
may  account  for  each  type  of  photosensitivity.  The  proposed  mechanism  for  the  negative 
change  includes  film  relaxation  due  to  UV-induced  reduction  of  compressive  stress.  The 
positive  change  occurs  in  films  which  exhibit  a  significant  degree  of  porosity  and  is  attributed 
to  UV-induced  densification  of  the  porous  material. 

2.  EXPERIMENTAL 

Ge-doped  silica  films  were  deposited  on  50  mm  diameter  silicon  substrates  in  a  high  plasma 
density  hollow  cathode  reactor  from  mixtures  of  silane  (SiH4),  germane  (GeH4)  and  oxygen. 
The  dual  opposing  target  hollow  cathode  reactor  has  been  reported  in  detail  elsewhere  [4]. 

A  series  of  deposition  runs,  with  varying  rf  power  densities,  were  carried  out  at  a  process 
pressure  of  2  Pa  and  a  GeH4  flow  rate  of  6  seem.  The  SiH4  flow  rate  was  fixed  at  20  seem 
with  an  SiH4/02  ratio  of  6:1.  No  electrode  cooling  was  used  in  these  experiments.  In  most  of 
the  deposition  runs  the  film  was  deposited  on  one  wafer  clamped  in  the  'face  down'  position  to 
the  top  electrode.  In  one  run,  however,  two  wafers  were  deposited  simultaneously.  The  first 
wafer,  labelled  wl,  was  clamped  to  the  top  electrode  in  the  normal  manner,  while  the  second 
wafer,  w2,  was  placed  on  the  bottom  electrode,  but  supported  slightly  above  it  on  three  small 
ceramic  spacers.  The  purpose  of  the  spacers  was  to  reduce  the  level  of  ion  bombardment  on 
w2  by  reducing  its  voltage  from  the  bias  voltage  of  the  electrode  to  a  potential  close  to  the 
floating  potential  of  plasma  glow.  The  reduction  of  ion  bombardment  was  expected  to  result 
in  porosity  in  the  films,  thus  allowing  us  to  investigate  its  effect  on  photosensitivity.  We  have 
previously  found  that  the  presence  of  w2  alters  the  deposition  conditions  of  wl,  so  that  the 
film  properties  of  wl  (with  and  without  w2)  are  different  [3]. 

The  film  porosity  was  estimated  by  measuring  its  etching  rate  in  standard  'P-solution'.  The 
film  stress  was  calculated  from  the  substrate  curvature,  as  measured  by  stylus  profilometry. 
The  deposited  films  were  UV  exposed  using  a  193  nm  excimer  laser  with  a  fluence  of 
10  kJ/cm2.  The  refractive  indices  of  the  films  were  measured  using  the  prism  coupling 
technique  at  633  nm  wavelength  with  a  measurement  repeatability  within  ±0.00015. 

3.  RESULTS  AND  DISCUSSION 

The  change  in  refractive  index  after  UV  irradiation  is  shown  in  Fig.  1.  Both  increases  and 
decreases  in  refractive  index  are  observed,  depending  on  the  deposition  conditions.  All 
samples  placed  in  direct  contact  with  the  electrode,  and  thus  subjected  to  ion  bombardment 
during  deposition,  exhibit  a  negative  refractive  index  change.  The  negative  refractive  index 
change  does  not  significantly  depend  on  the  power  level  for  one  wafer  deposition.  At  the 
same  time,  the  refractive  index  decrease  for  wl  (deposited  simulateously  with  w2)  is  of  the 
order  of  -0.006  which  is  about  a  three  times  larger  change  compared  to  the  similar  sample 
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deposited  at  the  same  power,  but  in  the  absence  of  the  second  wafer  w2.  Currently,  we  don't 
have  any  clear  explanation  for  this  effect,  however,  it  may  be  looked  at  in  terms  of  partial 
screening  of  the  opposite  electrode  (and  hence  wl)  by  w2.  This  may  lead  to  both  an  ion 
bombardment  and  temperature  reduction  on  wl. 


RF  power,  W 

Fig.  1  UV  induced  index  change  of  Ge-doped  silica  films  deposited  at  various  rf  input  powers. 

At  the  same  time,  as  can  be  seen  in  Fig.  1,  sample  w2,  which  was  separated  from  the  electrode 
during  the  deposition  and  thus  received  significantly  decreased  ion  bombardment,  exhibits  a 
positive  refractive  index  change  after  UV  irradiation.  By  decreasing  the  level  of  ion 
bombardment  it  was  intended  to  obtain  a  less  dense  (more  porous)  film  compared  to  those 
normally  obtained  in  the  hollow  cathode  reactor.  The  results  of  P-etch  rate  measurements 
confirm  that  this  indeed  was  achieved;  the  P-etch  rates  for  samples  wl  and  w2  were  8  A/s  and 
26  A/s,  respectively,  which  implies  a  less  dense  (porous)  material  in  the  latter  case.  The 
surface  of  the  two  samples  after  etching  in  P-solution  is  shown  Fig's  2a  and  2b. 


Eig.  2  SEM’s  of  P-etched  Ge-doped  silica  films  deposited  a)  with  (sample  wl) ,  and  b)  without  (sample  w2)  ion 
bombardment.  The  P-etch  rates  are  8  A/s  and  26  A/s,  respectively. 

The  rough  appearance  of  the  surface  of  sample  w2  (deposited  without  ion  bombardment)  is 
consistent  with  the  fact  that  its  P-etch  rate  is  on  average  4  times  higher  than  that  of  ion 
bombarded  samples,  and  also  implies  a  significant  degree  of  porosity.  It  may  be  suggested, 
therefore,  that  positive  refractive  index  changes  after  UV  irradiation  occur  in  porous  PECVD 
material  and  can  be  attributed  to  film  densification  by  UV  light.  A  decrease  in  the  film 
thickness  of  around  0.1  |im  (initial  film  thickness  «  3)xm)  has  been  measured  for  sample  w2 
after  UV  exposure,  which  seems  to  validate  the  material  densification  hypothesis. 

From  a  practical  point  of  view  these  results  point  to  a  limited  usefulness  for  such  'positive' 
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photosensitive  PECVD  films,  since  the  optical  loss  in  such  porous  material  is  likely  to  be 
quite  high.  The  high  losses  (>ldB/cm)  previously  reported  for  waveguides  formed  by  direct 
UV  writing  in  'positive'  photosensitive  PECVD  material  [5]  seem  to  support  this  conclusion. 
All  deposited  films  were  under  compressive  stress,  which  was  observed  to  decrease  after  UV 
exposure.  The  film  stress  before  and  after  UV  exposure  is  shown  in  Fig  3.  It  is  seen  that  the 
stress  is  reduced  by  around  100  to  120MPa  for  the  ion  bombarded  samples  and  by  about  50 
MPa  for  the  floating  sample  (w2). 


Fig,  3  Film  stress  before  and  after  UV-exposure  as  a  function  of  rf  input  power.  Arrows  point  to  UV  exposed 

stress  for  w1  and  w2. 


Since  UV  exposure  causes  a  stress  reduction  in  the  films  (Fig.  3),  it  may  be  suggested  that  the 
observed  negative  refractive  index  change  is  related  to  a  relaxation  of  stress-induced 
compression.  The  following  simple  calculation  can  prove  the  validity  of  this  suggestion.  The 
relation  between  the  relative  volume  expansion  and  stress  reduction  for  the  plane  stress  case  is 
given  by  [6]: 

AVA^  =  -2(l-2v)(AP/E)  ,  (1) 


where  AP  is  the  film  stress  reduction,  E  is  Young's  module  and  v  is  Poisson's  ratio.  Taking  E 


and  V  values  for  thermal  oxide  (7x10^0  pa  and  0.18,  respectively)  and  an  average  value  of  the 
UV  induced  stress  reduction  of  lOOMPa  (observed  in  the  ion  bombarded  films  in  Fig.  4),  we 
obtain  a  value  of  0.18%  volume  expansion.  We  can  now  obtain  the  appropriate  refractive 
index  change  by  applying  Clausius-Mosotti  formalism,  which  relates  the  refractive  index,  n, 
to  the  molar  volume  of  material.  The  appropriate  expression  is  written  as  follows: 


e+2  3  V^j=i 


(fjaj). 


(2) 


where  e  =  n2  is  the  optical  frequency  dielectric  constant,  N  is  Avogadro's  number,  Vm  is  the 
molar  volume,  and  the  sum  is  taken  over  the  bond  polarizabilities  aj  and  fj  is  the  fraction  of 
each  bond  type.  Assuming  the  bond  polarizabilities  in  the  material  remain  unchanged  during 
the  UV  exposure  this  expression  gives  a  linear  relationship  between  refractive  index  and 
molar  volume.  For  a  0.18%  volume  expansion  we  thus  obtain  a  refractive  index  change  of 
-0.0026.  This  figure  is  in  a  reasonably  good  agreement  with  that  observed  for  the  single  wafer 
deposition,  ion  bombarded  samples.  Thus  we  may  attribute  the  observed  negative  refractive 
index  change  to  the  UV  induced  stress  reduction  in  our  films.  The  sample  wl,  which  exhibits 
a  3  times  larger  UV  induced  index  change  (-0.006)  while  exhibiting  the  same  degree  of  stress 
reduction  (-lOOMPa),  probably  points  to  a  concommitent  decrease  in  the  bond 
polarizabilities,  which  are  assumed  constant  in  the  above  calculation. 

From  a  different  point  of  view  it  is  known  that  conventional  PECVD  silica  has  a  refractive 
index  which  is  typically  higher  than  that  of  thermally  grown  silicon  oxide.  Film  densification 
during  the  ion-assisted  deposition  process  has  been  shown  to  account  for  the  higher  refractive 
index  of  PECVD  silica  [7].  After  high  temperature  annealing  however,  the  refractive  index  of 
PECVD  silica  decreases  to  that  of  thermal  oxide,  thus  exhibiting  a  negative  refractive  index 
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change  [7].  In  order  to  investigate  a  possible  relation  between  this  intrinsic  property  of 
PECVD  silica  and  the  UV-induced  refractive  index  decrease  observed  in  this  work,  a  partially 
UV-exposed  sample  was  annealed  at  600°C  for  1  hour.  The  results  are  shown  in  Fig.  4. 


Fig.  4  Refractive  index  for  as-deposited  and  600°C  anneaied  fiim  in  UV-exposed  and  unexposed  areas . 

It  is  seen  that  the  refractive  index  decrease  caused  by  the  annealing  does  not  effect  the  step  in 
the  refractive  index  induced  by  UV  exposure.  This  suggests  that  different  mechanisms  are 
responsible  for  the  refractive  index  decrease  due  to  high-temperature  annealing  typical  for 
PECVD  silica  (regardless  of  doping),  and  the  UV-induced  refractive  index  decrease  obtained 
in  this  work  for  Ge-doped  PECVD  films. 

5.  CONCLUSIONS 

Both  positive  and  negative  UV-induced  refractive  index  changes  have  been  demonstrated  in 
Ge-doped  silica  films  deposited  using  PECVD.  The  positive  index  change  is  observed  in 
porous  films  and  is  attributed  to  film  densification  by  UV  light.  Film  stress  reduction  and  the 
resulting  volume  expansion  is  shown  to  account  for  negative  index  changes.  The  negative 
UV-induced  refractive  index  change  mechanism  is  shown  to  be  different  from  that  suggested 
for  typical  PECVD  silica  following  high  temperature  annealing. 
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Introduction 

Low-loss  waveguides  are  the  basic  components  in  photonic  integrated  circuits  (PICs). 
A  high  degree  of  integration  can  only  be  obtained  by  the  use  of  small  components.  In  general 
the  size  of  optical  components  can  be  reduced  by  increasing  the  optical  contrast.  The  maximum 
contrast  in  a  ridge  waveguide  structure  can  be  achieved  by  etching  through  all  the  waveguiding 
layers.  Recently,  it  has  been  shown  [1]  that,  the  size  of  MMI-couplers  and  bends  can  be  signif¬ 
icantly  reduced  by  the  application  of  this  deep  etch  technology.  In  addition,  device  performance 
of  deeply  etched  waveguides  is  insensitive  to  etch  depth  variations. 

Waveguide  losses  in  deeply  reactive  ion  etched  (RIE)  waveguides  have  also  been  re¬ 
ported  [2].  The  wide  and  multimoded  waveguides  showed  low  loss,  but  the  monomode 
waveguides  (<1.6  ^im)  still  have  high  losses.  This  is  mainly  caused  by  scattering  at  the  sidewall 
roughness. 

This  effect  of  sidewall  roughness  can  be  reduced  by  regrowth  of  InP  using  chemical 
beam  epitaxy  (CBE)  [3].  This  work  reports  on  a  factor  of  two  loss-reduction  of  deeply  RIE- 
etched  InP/InGaAsP(X,gap=1.3  |J.m)  waveguides  by  this  approach. 

Fabrication 

On  a  Sl-InP(lOO)  substrate  with  2°  off-orientation  non-intentionally  doped  layers  con¬ 
sisting  of  a  1500  nm  InP  buffer  layer,  a  600  nm  InGaAsP(A,gap=1.3  |im)  film  layer  and  a  300 
nm  InP  cladding  layer  have  been  grown  by  MOVPE.  A  100  nm  thick  Si3N4  layer  was  deposited 
by  plasma  enhanced  chemical  vapour  deposition  and  served  as  an  etching  mask  for  the 
waveguides.  The  pattern  was  defined  in  positive  photoresist  by  contact  illumination  and  trans¬ 
ferred  in  the  Si3N4  by  using  reactive  ion  etching  with  CHF3. 

After  removal  of  the  photoresist  the  waveguides  were  etched  by  reactive  ion  etching 
with  an  alternate  etch/descum  process  [4]  in  a  parallel-plate  reactive  ion  etcher.  First,  InP  was 
etched  with  CH4:H2  (7:35  seem)  at  a  power  of  100  W  and  a  reactor  pressure  of  50  mTorr  for 
150  s.  The  next  step  is  removal  of  polymers  on  the  wafer  (descum)  by  an  O2  (100  seem)  plasma 
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for  18  s.  Plasma  power  and  reactor  pressure  were  70  W  and  100  mTorr,  respectively.  In  our 
system  the  etch  rate  of  InP  is  about  35  nm/min.  The  two  steps  (etch  and  descum)  were  repeated 
upto  the  final  etch  depth  of  about  2  p,m. 

A  SEM-micrograph  of  the  waveguide  ridge  is  shown  in  Fig.  la.  The  Si3N4  mask  is  still 
visible,  also  the  InGaAsP(1.3)  film  layer  can  be  recognized  in  the  sidewall.  The  waveguides  are 
parallel  to  the  [011]-direction.  Striations  (<20  nm)  in  the  sidewall  and  the  non-verticality  can 
be  observed  from  the  picture. 

CBE-regrowth 

Before  regrowth  the  residual  polymers  were  removed  by  an  02-plasma  in  a  barrel 
stripper  and  two  minutes  etching  in  5%  phosphoric  acid. 

The  sample  with  the  REE-etched  waveguides  were  mounted  on  a  molybdenum-block 
using  indium  solder  alongside  a  quarter  of  a  2-inch  InP(lOO)  substrate  as  reference.  Care  was 
taken  to  mount  the  substrate  containing  the  waveguides  in  such  a  way  that  the  etched  ridges  are 
oriented  radially  on  the  holder.  This  ensures  symmetrical  growth  on  both  sides  of  the 
waveguide  [5].  After  introduction  into  the  CBE  growth  chamber  the  temperature  was  brought 
to  515  °C  in  approximately  one  hour  under  a  (cracked)  PH3  flow  of  12  seem.  The  temperature 
was  monitored  by  an  optical  pyrometer,  focused  on  the  InP  reference  piece.  Growth  was  per¬ 
formed  using  a  flow  of  1.6  seem  trimethylindium  and  6  seem  (cracked)  PH3.  Under  these  con¬ 
ditions,  the  planar  (100)  growth  rate  of  InP  is  0.6  pm/hour. 

In  this  particular  growth  experiment  we  made  use  of  the  fact  that  the  growth  rate  of  the 
{011}  planes  is  extremely  slow  compared  to  the  (100)  plane.  To  prevent  formation  of  (1 1 1)B 
facets  we  have  chosen  a  relatively  high  V/III  ratio  as  compared  to  our  optimal  planar  growth 
conditions  [6].  In  order  to  achieve  at  least  50  nm  sidewall  thickness  at  the  bottom  of  the 
waveguiding  region  it  was  estimated  that  aj)lanar  InP  thickness  of  0.7  pm  was  necessary.  As 
can  be  seen  in  Fig.  Ib-c  true  (Oil)  and  (01 1)  facets  have  indeed  been  grown  on  the  approxi¬ 
mately  80°  sloped  REE-etched  sidewall. 


Measurement  results 

The  waveguide  loss,  before  and  after  regrowth,  has  been  measured  with  a  Fabry-Perot 
resonance  method  at  a  wavelength  of  Ap=1550  nm.  Light  of  fixed  polarization  was  end-fire  cou¬ 
pled  in  the  waveguides  by  an  anti-reflection  coated  40x  microscope  objective.  Light  emanating 
from  the  waveguides  was  imaged  on  a  Ge-diode  by  a  40x  microscope  objective.  The  wave¬ 
length  was  tuned  by  heating  the  DFB-laser  with  a  Peltier  element.  The  reflection  coefficients 
for  different  waveguide  widths  and  polarization  have  been  calculated. 

On  the  wafer  groups  of  waveguides  with  width  varying  for  (1-5)  pm  in  steps  of  0.5  pm 
were  present.  Waveguide  loss  after  RlE-etching  as  a  function  of  the  width  and  polarization, 
marked  with  TE_R1E  and  TM_RIE,  are  shown  in  Fig.  2.  The  results  are  the  mean  values  of  the 
seven  best  waveguides.  Waveguides  with  a  loss  higher  than  8  dB  can  not  be  measured  accu¬ 
rately  with  our  Fabry-Perot  setup.  The  results  of  these  measurements  reproduced  very  well  the 
earlier  experiments  (ECIO’95)  [2].  Here  the  measurement  results  with  a  loss  higher  than  about 
5  dB  were  obtained  from  a  cut  back  method. 

Transmission  losses  versus  waveguide  width  for  smoothed  waveguides  are  also  de¬ 
picted  in  Fig.  2  and  marked  by  TE_RGR  and  TM_RGR  for  the  two  polarizations,  respectively. 
Especially  for  the  smaller  waveguides  (<2  pm)  a  significant  loss  reduction  was  obtained.  The 
results  are  the  mean  value  of  the  three  best  waveguides.  It  should  be  mentioned  that  after  re- 


growth  significant  spread  in  the  loss  results  was  found. 

Discussion 
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The  increased  spreading  in  the  loss  results  after  regrowth  is  most  probably  caused  by 
the  varying  degrees  of  roughness  at  the  corners  of  (100)  and  the  vertical  planes.  This  roughness 
is  most  likely  caused  by  the  unevenness  of  the  sidewalls  after  RIE-etching  combined  with  im¬ 
purity  effects.  The  asymmetry  which  is  clearly  visible  in  Figs.  Ic-d  is  typical  for  growth  on  off- 
oriented  substrate  containing  (1 1 1)B  steps  [7].  Impurities  together  with  sidewall  imperfections 
are  also  responsible  for  the  non-smooth  surface  between  the  waveguides.  A  more  stringent 
cleaning  process  after  the  RIE  is  required. 

Nevertheless,  it  has  been  demonstrated  that,  significant  loss  reduction  of  deeply  etched 
InP/InGaAsP  waveguides  can  be  obtained  by  regrowth  of  InP  using  CBE.  The  loss  reduction 
(for  waveguide  widths  between  1  Jim  and  3  ^im)  is  about  a  factor  of  2,  this  reduction  can  be 
explained  by  a  decrease  in  the  index  contrast  at  the  rough  interface.  As  described  in  [8]  scatter¬ 
ing  loss  scales  up  linearly  with  the  squared  indices  difference  (An^=ni^-n2^)  and  the  field  in¬ 
tensity  at  the  rough  sidewall.  By  regrowth  of  about  150  nm  InP  An^  is  reduced  by  a  factor  of 
7.3,  but  the  field  intensity  is  increased  by  a  factor  of  4  which  results  in  an  estimated  loss  reduc¬ 
tion  of  about  1.8  which  is  in  good  agreement  with  the  achieved  results.  Higher  loss  reduction 
can  be  obtained  by  matching  the  refractive  indices  of  the  filmlayer  and  the  regrown  layer. 
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Fig.  1.  SEM-micrographs  of  waveguides,  a)  Ridge  waveguide  after  reactive  ion  etching, 
b)  Ridge  waveguide  after  regrowth  with  InP,  the  InGaAsP  has  been  made  visible  with  a  stain 
etch,  c)  Front  view  of  regrown  waveguide,  d)  Surface  morphology  between  two  waveguides. 
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Fig  2.  Waveguide  loss  of  RIE-waveguides  (ECIO’95,  TE_RIE,  TM  RTE)  and 
waveguides  (TE_RGR  and  TM_RGR). 
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Waveguide  devices  based  on  electro-optic  (EO)  polymers  may  play  important  roles  in  optical 
signal  processing  and  optical  communication.  Because  of  their  excellent  velocity  matching  between 
microwave  and  optical  signals,  high  speed  modulators  have  been  actively  investigated  [1],  [2],  Recently, 
a  polymeric  wavelength-insensitive  passive  polarization  converter  was  reported  [3],  It  demonstrated  that 
tile  optic  axis  distribution  in  a  poled  polymer  waveguide  is  controllable  by  specially  designing  the  poling 
electrodes,  and  new  types  of  polarization  controlling  devices  may  be  designed  based  on  this. 

The  electric  field-assisted  poling  increases  the  refractive  index  of  the  EO  polymer  for  the  light 
polarized  along  the  poling  direction,  while  decreasing  it  for  the  light  polarized  perpendicular  to  the  poling 
direction.  Thus  it  may  be  utilized  to  fabricate  channel  waveguides  that  confine  only  one  polarization 
component  [4],  [5].  On  the  other  hand,  the  photobleached  polymer  waveguide  supports  both  TE  and  TM 
modes  [6] .  In  this  work,  we  integrate  poling  induced  wav^ides  in  the  middle  of  photobleached  polymer 
waveguides  and  demonstrate  polymeric  wav^ide  polarizers.  Although  there  are  many  kinds  of 
integrated  (q)tic  polarizers  [7],  polymeric  wav^ide  polarizers  have  not  been  reported.  The  performance  of 
the  polarizer  is  usually  evaluated  by  its  excess  loss  and  polarization  filtering  eflSciency.  To  minimize  the 
excess  loss  of  polarizers,  the  poling-induced  birefnngence  is  controlled  for  matching  the  guided  mode 
profiles  between  the  photobleached  waveguide  and  the  poling-induced  waveguide.  The  polarization 
filtering  efficiency  of  the  TE-pass  polarizer  is  improved  by  using  four  electrodes  instead  of  conventional 
coplanar  electrodes. 

Schematic  diagrams  of  the  two  polarizers  are  shown  in  Fig.  1.  The  input  and  output  sections 
consist  of  photobleached  waveguides  that  support  both  TE  and  TM  modes.  Selective  bleaching  under  UV 
light  decreases  the  refiactive  index  of  the  polymer  and  forms  channel  waveguides  in  the  un-bleached  area 
[9].  To  fobricate  a  TM-pass  polarizer,  two  vertically  aligned  electrodes  may  be  used  for  poling  the 
polymer.  The  poling  induced  birefiingence  produces  a  birefiingent  channel  waveguide  >\^ose  optic  axis  is 
aligned  in  the  vertical  direction.  This  vertically  poled  waveguide  can  confine  only  TM  modes.  Hence, 
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the  TM  mode  passes  the  fatering  section  while  the  TE  mode  radiates.  In  a  TE-pass  polarizer  four 
electrodes  are  used  for  the  horizontal  poling  of  polymer  instead  of  conventional  coplanar  electrodes.  The 
four  electrodes  make  the  electric  fields  to  be  aligned  horizontally  in  the  core  layer  of  the  waveguide  and 
provide  better  uniformity  of  the  poling-field  directions  than  the  coplanar  electrodes  [5].  After  the  electric- 
field  assisted  poling,  a  horizontally  poled  channel  waveguide  is  formed.  The  refractive  index  of  poled 
region  is  enhanced  for  TE  modes  and  decreased  for  TM  modes.  Hence,  the  horizontally  poled  waveguide 
acts  as  a  TE-pass  polarizer. 

The  top  views  of  both  polarizers  in  Fig.  2  define  the  dimensions  of  waveguides.  Lf  is  the  length 
of  the  filtering  section  and  Ws  the  strip  width  of  the  mask  used  for  selective  photobleaching.  Ws  affects  the 
lateral  mode  profile  of  the  bleached  waveguide  together  with  the  bleaching  time.  We  is  the  width  of  the 
poling  electrodes  in  the  TM-pass  polarizer,  and  Wg  the  gap  width  between  the  poling  electrodes  in  the  TE- 
pass  polarizer.  They  are  important  parameters  that  determine  the  resultant  index  profiles  after  poling. 

For  the  low  loss  polarizers,  the  mode  profiles  of  involved  waveguides  should  be  matched.  The 
mode  profile  in  vertical  direction  is  determined  by  the  refiactive  index  of  three  layers  forming  planar 
waveguides.  On  the  other  hand,  the  lateral  mode  profiles  are  dependent  on  the  device  parameters  and 
poling  conditions.  With  parameters  fixed  by  the  dimensions  of  photomasks,  it  is  necessary  to  find 
appropriate  bleaching  times  and  poling  voltages  to  match  the  mode  profiles  between  the  different 
waveguides. 

The  two  polarizers  are  febricated  on  one  substrate.  The  febrication  procedures  are  as  follows. 
On  a  thermally  oxidized  Si  wafer,  bottom  electrodes  are  constructed  by  vacuum  evaporation  of  Ti-Au  and 
by  lift-off  process.  The  EO  polymer  used  in  this  work  is  the  PMMA  based  copolymer  with  a  stilbene 
derivative  as  a  side  chain  (poly  (  (4  -  dimethylamino  -  4’  -  nitro  -  stilbene  methylmethacrylate)x  -  co  - 
{methylmethacrylate)i.x);  P2ANS)  which  is  supplied  by  Hoechst-Celanese  Co.  For  the  lower  cladding  and 
core  layers,  P2ANS(x=0.35)  and  P2ANS(x=0.5)  are  spin-coated  to  be  3.5  pm  and  4  pm  thick,  respectively. 
Then,  the  core  layer  is  selectively  photobleached  under  the  UV  light  to  form  channel  waveguides.  For  the 
upper  cladding  layer,  a  UV-curable  epoxy,  NOA61  (Norland  Optical  Adhesive  61)  is  spin-coated  to  be  2 
pm  thick,  and  cured  by  exposing  under  the  UV  light.  After  each  spin-coating  the  polymer  is  baked 
sufiBciently.  The  top  electrodes  are  formed  in  the  same  way  as  the  bottom  electrodes.  Over  the  top 
electrodes,  the  photoresist  is  spin-coated  and  baked  completely.  It  serves  as  an  electrical  insulating  layer 
to  prevent  the  air-breakdown  between  adjacent  top  electrodes  of  the  TE-pass  polarizers  during  the  poling. 
The  device  is  poled  on  a  hot-plate  at  135  °C  by  applying  poling  voltages  across  the  electrodes.  Finally, 
the  sample  is  cleaved  for  the  light  coupling. 

To  find  the  appropriate  bleaching  time  and  poling  voltage  for  matched  mode  profiles,  the  guided 
mode  profiles  of  the  three  waveguides  were  observed  by  a  CCD-camera.  Fig.  3  shows  the  lateral  mode 
profile  of  each  waveguide  at  the  wavelength  of  1 .3  pm.  A  well  confined  single  mode  was  obtained  for  the 
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bleached  wav^^ide  with  fT,  of  6  pm  after  bleaching  24  hours  with  the  light  intensity  of  8  mW/cm^.  The 
vertically  poled  waveguide  has  IT,  of  4  pm  and  the  horizontally  poled  waveguide  has  of  6  pm.  They 
were  poled  at  400  V.  It  is  shown  that  the  three  different  waveguides  have  similar  guided  mode  profiles. 
The  measured  spot  sizes  are  12.0  pm,  11.9  pm,  and  12.4  pm  for  the  vertically-poled,  the  horizontally- 
poled,  and  the  photobleached  wav^ides,  respectively.  By  integrating  these  waveguides,  polarizers  with 
low  excess  loss  were  &bricated. 

To  measure  the  polarization  filtering  efiBciency,  the  polarization  of  the  input  light  was  set  to  have 
both  TE  and  TM  components.  The  light  was  butt  coupled  into  the  device.  Then,  the  output  light  from 
the  device  was  passed  through  a  Glan-Thompson  polarizer  and  detected  by  a  photodiode.  In  front  of  the 
detector,  an  iris  was  used  to  block  ihe  radiated  light  out  of  channel  waveguide.  The  power  in  each 
polarization  component  of  the  output  light  was  measured  by  rotating  the  Glan-Thompson  polarizer  to  the 
proper  position.  As  a  function  of  poling  voltages,  the  polarization  extinction  ratio  of  each  filter  was 
measured  and  shown  in  Fig.  4.  To  measure  the  excess  loss  of  the  device,  straight  waveguides  were  also 
frbricated  next  to  the  polarizers  by  the  photobleaching  method.  For  the  TM  polarized  input  light,  the 
throughputs  of  TM-pass  polarizers  and  the  bleached  waveguides  were  measured.  The  excess  loss  was 
calculated  by  subtracting  the  throughput  of  the  polarizer  from  that  of  the  bleached  waveguide.  The  excess 
loss  of  the  TE-pass  polarizer  was  also  measured  similarly.  The  measured  excess  losses  are  plotted  in  Fig. 
4.  The  TM-pass  polarizer  with  JVe  =  4  pm,  Ws  =  6  pm,  and  Lf=  1  mm  exhibited  the  best  performance  at 
the  poling  voltage  of  400  V.  The  polarization  extinction  ratio  was  20.7  dB  and  the  excess  loss  was  0.2 
dB.  For  the  TE-pass  polarizer  with  Wg  =  6  pm,  Ws  =  4  pm,  and  Lf=  3  mm,  the  extinction  ratio  of  17.1 
dB  and  the  excess  loss  of  0.4  dB  were  obtained  when  it  was  poled  by  300  V. 

In  conclusion,  we  successfully  demonstrated  TE-pass  and  TM-pass  polymeric  waveguide 
polarizers  by  integrating  photobleached  waveguides  supporting  both  TE  and  TM  modes  and  poling  induced 
polymer  waveguides  that  support  either  TE  or  TM  modes.  This  work  was  partially  supported  by  Korea 
Science  and  Engineering  Foundation  (KOSEF  -  OERC  -  95K3  -  0809  -  01  -  01  -  1)  and  Korea  Ministry  of 
Information  and  Communications. 
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I  INTRODUCTION 

Integrated  optic  polarization  splitters  are  important 
components  for  many  applications.  An  example  is  a 
coherent  optical  detection  scheme,  which  uses  the  concept 
of  polarization  diversity.  Various  concepts  for  these 
splitters  have  been  presented  in  the  literature  [1  ]-[10].  For  a 
monolithic  integration  the  polarization  splitter  must  be 
realized  in  InGaAsP/InP,  since  only  these  semiconductors 
permit  the  realization  of  lasers,  detectors,  electronics  and 
waveguide  components  in  the  1.3  and  1.5  pm  wavelength 
regions. 

Polarization  splitters  can  roughly  be  divided  in 
two  classes.  One  is  based  on  the  mode  evolution  (or  mode 
sorting)  effect  [l]-[5].  Mode  evolution  components  are 
capable  of  providing  relaxed  fabrication  tolerances,  good 
stability  and  operation  over  a  broad  wavelength  range,  but 
generally  they  are  relatively  long.  The  other  class  of 
devices  is  based  on  interference  [6]“[10].  This  leads  to 
more  stringent  fabrication  tolerances  and  to  a  limited 
operating  wavelength  region,  but  to  shorter  components. 
The  birefringence  needed  to  obtain  different  responses  for 
the  two  polarizations  in  these  splitters  is  usually  created  by 
depositing  metal  layers  on  top  of  the  waveguides[8,10]. 

In  this  letter  we  present  an  interference 
polarization  splitter  based  on  InP.  To  facilitate  integration 
it  is  desirable  to  limit  the  number  of  processing  steps  in  the 
realization  of  this  component.  Therefore  we  developed  a 
polarization  splitter  based  on  waveguide  birefringence, 
which  can  be  realized  in  one  etching  step  and  does  not 
require  metallization  or  other  overlays. 

II  CONCEPT 

The  component  utilizes  the  relatively  large  waveguide 
birefringence  experienced  by  the  first-order  modes  of  the 
TE  and  TM-polarizations  in  a  ridge-type  waveguide  made 
in  a  double  heterostructure  (DH).  Fig.  1  shows  the 
dispersion  curves  for  the  modes  in  such  a  waveguide. 


Figure  1:  Dispersion  curves  for  the  two  waveguides  in  the 
directional  coupler  polarization  splitter.  (Note  that 
‘T?**  is  the  normalized  propagation  constant,  "W" 
the  width  of  the  ridge). 


As  indicated  in  this  figure  a  bimodal  and  a  monomodal 
waveguide  are  compared.  The  TEoi-mode  in  a  bimodal 
waveguide  of  width  W2  has  an  identical  propagation 
constant  as  the  TEoo-mode  of  a  monomodal  waveguide  of 
width  Wi.  If  the  two  waveguides  are  used  in  a  directional 
coupler  (Fig.  2)  the  two  modes  will  exchange  energy.  TE- 
polarized  light  injected  in  the  narrow  waveguide  will 
couple  completely  to  the  first-order  mode  of  the  wide 
waveguide  in  a  coupler  having  the  right  length  L. 
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Figure  2:  The  directional  coupler  polarization  splitter. 

The  TMoi-mode  in  the  bimodal  waveguide  has  a  very 
different  propagation  constant  from  the  TMoo-mode  of  the 
monomodal  waveguide.  Due  to  this  phase  mismatch  light 
of  this  polarization  is  not  transferred  to  the  other  waveguide 
in  the  directional  coupler.  In  this  way  polarization  splitting 
is  obtained.  An  asymmetric  Y-junction  functioning  as  a 
mode  converter  can  be  used  to  couple  the  TEoi-mode  of  the 
bimodal  waveguide  to  a  monomodal  output  waveguide 
(Fig.  2). 

Ill  FABRICATION  AND  DESIGN 
The  device  operates  at  a  wavelength  of  1.5  pm.  The 
devices  are  fabricated  in  a  DH  InGaAsP/InP  MOVPE 
layer  structure.  The  InP-cover  layer  thickness  is  500  nm 
and  the  Q-film  layer  thickness  is  460  nm.  The  bandgap 
wavelength  of  the  guiding  layer  is  1.3  pm. 


A  silicon  nitride  etch  mask  is  defined  using 
photolithography  with  contact  UV  exposure.  All 
components  are  made  on  the  same  substrate  in  one  etching 
step.  The  waveguide  structures  are  realized  with  CH4/H2 
reactive  ion  etching. 

The  design  of  the  polarization  splitter  has  been  done  with  a 
film  mode  matching  technique  [11]  for  an  etching  depth  of 
325  pm.  The  width  of  the  monomodal  waveguide  in  the 
directional  coupler  is  1.5  pm,  the  bimodal  waveguide  is  5.0 
pm  wide.  The  gap  between  these  two  waveguides  is  2  pm, 
leading  to  a  predicted  coupling  length  of  533  pm.  In  the 
actual  mask  design  the  length  L  of  the  coupler  was  varied 
to  allow  characterization  of  the  coupling  behavior.  The 
bimodal  waveguide  is  connected  via  a  taper  to  the  stem  of 
the  asymmetric  Y-junction,  which  consists  of  two  branches 
of  1.5  and  2.5  pm  wide  with  a  branching  angle  of  0.4 
degree.  To  minimize  coupling  effects  between  the  Y- 
junction  and  the  outlet  of  the  narrow  waveguide  in  the 
directional  coupler,  this  outlet  makes  an  angle  of  0.66 
degree  with  the  nearest  branch  of  the  Y-junction.  The 
results  of  BPM-simulations  on  the  splitter,  reduced  to  two 
dimensions  with  the  effective  index  method,  are  shown  in 
Fig.  3.  The  simulated  splitting  ratio,  defined  in  dB  using  the 
power  ratio  of  the  non-dominant  (unwanted)  and  the 
dominant  (wanted)  exit  port,  is  -20  dB  for  TE  and  -26  dB 
for  TM-polarization.  The  BPM  is  also  used  to  simulate  the 
tolerance  in  etching  depth  of  the  device,  which  is  the  most 
critical  fabrication  parameter.  It  was  found  that  for  this 
design  the  splitting  ratio  is  better  than  -10  dB  for  both 
polarizations  over  a  range  in  etching  depth  of  25  nm. 


(a)  (b)  (c) 

Figure  3:  BPM-simulations  of  the  component  in  figure  2. 

(a):  Effective  index  distribution,  (b):  propagation  of  a  TM-polarized  mode,  (c):  propagation  of  a  TE-polarized 
mode. 
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IV  RESULTS 

The  polarization  splitters  are  characterized  by  transmission 
measurement  using  a  FP-laser  at  a  wavelength  of  1.5  pm. 
In  Fig.  4  the  operation  of  the  polarization  splitters  is 
demonstrated  with  photographs  of  the  exit  facet  of  the  chip. 
It  is  seen  that  also  the  dummy  channel  of  the  asymmetric 
Y-junction  captures  some  light,  but  this  is  never  more  than 
20  percent  of  the  total  output  power.  The  polarization 
splitters  are  characterized  as  a  function  of  the  length  L  of 
the  coupling  section  (see  Fig.  5).  The  fraction  of  die  power 
from  the  straight  through  port  CTM”-port)  is  determined. 
This  fraction  shows  an  oscillating  behavior  with  L  for  the 
TE-polarization,  as  is  required  in  a  directional  coupler.  The 
splitting  ratio  is  -20  dB  for  the  coupler  with  interaction 
length  400  pm,  in  agreement  with  BPM  simulations.  The 
coupling  length  is  found  from  the  oscillation  to  be  570  pm, 
which  is  comparable  to  the  design  value.  The  difference 
between  the  coupling  length  and  the  optimum  interaction 
length  indicates  that  some  coupling  is  taking  place  in  the 
taper  and  the  Y-junction.  For  the  TM-polarization,  despite 
the  phase  mismatch  between  the  guided  modes,  some 
undesirable  coupling  is  found.  This  limited  the  best 
splitting  ratio  for  the  TM-polarization  to  -14  dB.  It  is 
presumably  caused  by  spurious  radiation  modes,  due  to  the 
roughness  of  the  waveguides.  Similar  couplings  between 
well-separated  straight  waveguides  were  observed  for  the 
TM-polarization  on  all  chips  realized  with  this  etching 
depth.  The  splitter  with  tiie  best  performance  for  both 
polarizations  simultaneously  has  an  interaction  length  of 
500  pm  with  splitting  ratio  of  -10  dB  for  TE  and  -14  dB  for 
TM.  This  is  a  sufficient  performance  for  most  applications, 
but  reducing  the  influence  of  the  radiation  modes  might 
improve  the  components  strongly. 


T  r  f 
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Figure  4:  Output  power  distribution  for  the  (a)  TE-  and  (b) 
TM-polarization.  “D”  indicates  the  dummy  exit 
via  the  wide  branch  of  the  Y-junction. 


Figure  5:Experimental  results.  The  fraction  of  the  power 
emanating  from  the  ‘TM”-port  is  shown  as  a 
function  of  the  length  of  the  directional  coupling 
section,  for  both  polarizations.  The  smootii  curves 
indicate  sine  functions  fitted  to  the  data. 

The  excess  loss  of  the  splitters  is  measured  by 
comparing  the  total  throughput  (but  excluding  tiie  power 
from  the  dummy  channel)  with  that  of  adjacent  straight 
waveguides.  This  loss  was  found  to  be  less  than  1  dB  for 
both  the  TM  and  the  TE-polarization. 


V  CONCLUSIONS 

A  polarization  splitter  on  InGaAsP/InP  is  presented  which 
is  based  on  a  polarization  selective  directional  coupler 
without  the  use  of  metal  overlays.  The  length  of  the 
component  is  1 .5  mm,  including  an  output  section  of  1  mm. 
This  is  the  shortest  polarization  splitter  without  overlays 
reported  to  date. 

If  the  polarization  splitter  is  directly  integrated  with  photo¬ 
detectors  an  output  section  is  unnecessary,  and  a 
polarization  splitter  of  sub-millimeter  dimensions  is 
obtained.  The  component  does  not  require  any  extra 
processing  beyond  that  necessary  for  waveguide 
fabrication.  It  is  realized  in  a  single  etching  step,  which 
makes  it  attractive  for  integration.  The  realized  components 
are  characterized  at  1.5  pm  wavelength  and  show 
polarization  splitting.  Splitting  ratio  for  the  TE-polarization 
at  the  optimum  interaction  length  are  close  to  -20  dB,  while 
fro  the  TM-polarization  splitting  ratios  were  limited  to  -14 
dB  due  to  spurious  coupling  effects.  Excess  losses  are 
below  1  dB  for  both  polarizations. 
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Introduction 

It  is  the  purpose  of  this  paper  to  assess  the  relative  merits  and  prospects  of  integrated-optic  versus  micro- 
optic  devices  for  fiber-optic  telecommunication  systems.  Firstly,  this  comparison  is  made  from  a  market 
perspective.  Then,  the  analogy  between  electronic  and  photonic  integrated  circuits  is  investigated.  Finally, 
a  specific  comparison  is  made  for  wavelength  demultiplexers  for  dense  WDM  applications.  A  comparison 
similar  to  this  one  but  also  including  polarization-diversity  hybrids  can  be  found  in  Ref.  1. 

In  this  paper,  the  following  classification  is  used: 

•  Fiber-based  devices,  such  as  couplers,  which  are  exclusively  made  from  fiber. 

•  Integrated-optic  devices,  where  light  is  guided  in  planar  waveguides. 

-  Single-component  devices,  such  as  lasers,  laser  amplifiers,  and  phase-modulators. 

-  Photonic  integrated  circuits,  where  a  number  of  optical  devices  are  monolithically  integrated. 

•  Micro-optic  devices,  which  rely  on  diffractive  or  reflective  bulk  elements  sucb  as  lenses  or  mirrors. 

•  Modules,  which  are  assembled  from  any  of  the  above  elements. 

The  fiber-optic  component  market 

Figure  1  shows  the  fiber-optic  component  market  for  1992  and  1997  in  the  US.  A  direct  comparison 
between  integrated-optic  and  micro-optic  techniques  can  only  be  made  for  passive  components  and  Fig.  1 
shows  that  the  comparison  therefore  applies  to  the  smaller  part  of  the  market  (15%),  since  the  larger  part 
consists  of  active  devices  such  as  lasers  and  photodiodes.  For  passive  components,  the  largest  market 
segment  is  formed  by  couplers  (11%)  which  are  almost  exclusively  fiber-based.  This  shows  that  the 
market  segments  captured  by  integrated-optic  and  micro-optic  products  are  both  quite  small  (of  the  order 
of  1%  -  2%).  The  micro-optic  segment  consists  of  products  such  as  switches,  isolators/circulators, 
attenuators,  and  filters.  The  integrated-optic  segment  mainly  consists  of  LiNb03  switches  and  modulators. 
Another  proven  integrated-optic  product  (though  active)  is  the  DFB  laser  with  integrated  electro¬ 
absorption  modulator. 
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Figure  1:  The  1997  US  fiber-optic  component  market  forecast  (source:  ElectroniCast’92). 
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The  market  analysis  shows  that  the  demand  for  components  with  a  larger  degree  of  optical  functionality 
has  been  negligible  so  far.  This  is  important  because  the  competitive  edge  for  PIC’s  is  precisely  in 
integrating  complex  optical  functionality.  This  situation,  however,  is  likely  to  change:  the  market  is  not 
only  growing  fast  (more  than  25%  a  year),  but  also  changing  due  to  the  rapid  commercialization  of  WDM 
systems.  However,  the  first  WDM  transmission  systems  will  merely  require  optical  devices  with  a  single 
functionality,  so  that  the  demand  for  complex  optical  functionality  will  only  increase  later  on,  i.e.  when  the 
wavelength  domain  is  used  to  realize  add-drop  multiplexing  and  cross-connecting  functions. 

Technological  considerations 

It  has  been  argued  many  times  that  the  competitive  edge  of  photonic  IC’s  comes  from  increased  scale  of 
integration  plus  the  corresponding  cost  reduction.  This  argument  is  in  fact  based  on  an  implicit  analogy 
between  photonic  and  electronic  IC’s.  This  analogy,  however,  has  to  be  treated  with  care.  Firstly,  the 
markets  for  photonic  and  electronic  IC’s  are  very  different:  as  was  argued  in  the  previous  section,  the 
demand  for  complex  optical  functionality  is  still  in  its  infancy.  Secondly,  there  are  several  technical 
reasons  why  photonic  and  electronic  IC’s  are  quite  different: 

Packaging  is  much  more  difficult  for  photonic  than  for  electronic  IC’s.  Packaging  related  issues  are  the 
fiber-chip  coupling  problem  which  leads  to  the  use  of  tapers  and  lenses,  the  influence  of  reflections  and  the 
accompanying  use  of  isolators,  and  temperature  sensitivity  which  can  necessitate  Peltier  coolers  and 
thermistors.  It  is  important  to  notice  that  these  packaging  issues  form,  on  one  hand,  the  major  economic 
incentive  for  integration,  but  that  they,  at  the  same  time,  form  a  technical  obstacle  against  integration. 

The  scale  of  integration  seen  in  electronic  IC’s  is  directly  related  to  intrinsic  on  chip  amplification  and 
feedback  which  allow  for  accurate  performance  control  and  thus  for  the  ability  to  cascade  a  large  number 
of  components.  So  far,  optical  feedback  is  not  feasible  in  photonic  IC’s  and  integrated  optical  amplifiers 
are  in  their  infancy.  Even  more  important  is  that  the  characteristic  size  of  the  building  blocks  for  photonic 
and  electronic  IC’s  differ  by  at  least  two  to  three  orders  of  magnitude.  Lastly,  whereas  electronic  IC’s 
contain  many  duplicates  of  a  small  set  of  building  blocks,  most  photonic  IC’s  integrate  a  number  of  very 
different  elements.  The  accompanying  problem  of  optimizing  the  performance  of  each  individual  sub¬ 
element  complicates  the  design  and  leads  to  compromises  in  performance. 

As  a  result,  photonic  IC’s  will  follow  their  own  rule  of  economy,  different  from  electronic  IC’s,  and  will 
reach  a  more  limited  scale  of  integration.  In  order  to  reach  that  limit  and  speed  up  commercialization, 
additional  effort  will  be  required  to  reduce  packaging  costs,  incorporate  on-chip  amplification,  reduce 
component  size,  and  to  develop  improved  processes  and  fabrication-tolerant  components. 

Wavelength  demultiplexers  for  dense  WDM  applications:  a  comparison 

In  this  section,  a  specific  comparison  is  made  for  a  key  component  in  OFDM  networks,  i.e.  the 
wavelength  demultiplexer  for  dense  WDM  applications.  The  development  of  these  demultiplexers  is 
shown  in  Fig.  2. 

Fiber-based:  The  lack  of  fiber-based  demultiplexers  in  Fig.  2  illustrates  the  unsuitability  of  fibers  to 
demultiplex  many  closely  spaced  wavelengths  simultaneously.  Fibers  are,  on  the  other  hand,  very  suitable 
to  demultiplex  two  widely  spaced  wavelengths  (i.e.  duplexers),  which  are  typically  used  for  two-channel 
transmission  systems  (e.g.  1.31/1.55|xm),  or  in  EDFA’s  (0.98/1. 55p,m  and  1.48/1.55|xm).  It  is  important  to 
notice  that  duplexers  form  more  than  90%  of  the  demultiplexer  market  and  are  almost  entirely  fiber-based. 

Modules:  Fibers  can,  of  course,  be  used  in  combination  mii\  filters  to  realize  wavelength  demultiplexers 
for  dense  WDM.  These  filters  can  be  placed  in  series  (cascaded)  or  in  parallel  by  using  a  fiber  splitter. 
Popular  filters  are  the  (fixed)  interference  filter^  and  the  tunable  (fiber)  Fabry-P6rot  filter. 

Micro-optics:  Fig.  2  shows  that  much  of  the  work  on  micro-optical  demultiplexers  was  already  published 
in  the  early  eighties^"^  when  MM  fibers  were  used  with  wavelengths  of  ?L=700-900nm.  The  subsequent 
reduction  of  interest  was  due  to  the  shift  of  focus  to  coherent  detection  schemes.  In  the  late  eighties,  when 
interest  in  WDM  revived,  work  on  micro-optical  demultiplexers  continued^"  and  several  earlier  designs 
were  commercialized.  Micro-optical  wavelength  demultiplexers  can  be  divided  into  the  cascaded 
interference  filter  type  and  the  grating-based  type.  Recently,  the  phased  array  design,  which  is  typical  for 
integrated  optics,  has  also  been  realized  in  micro-optics*^. 
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Figure  2.  Overview  of  reported  wavelength  demultiplexers  and  their  development  in  time. 

Integrated  optic:  The  first  integrated  optic  demultiplexers  appeared  in  the  late  eighties  and  relied  on 
cascaded  duplexers^^'’'^.  Soon  afterward,  planar  versions  of  the  micro-optic  grating  based  demultiplexer 
were  reported*^'^®-^'’^^.  An  alternative  design  is  the  phased  array  (PHASAR)  or  arrayed  waveguide 
grating  (AW This  design  has  recently  gained  in  importance  due  to  superior  performance  and  ease 
of  processing.  Fig.  2  shows  how  integrated-optic  demultiplexers  have  subsequently  been  integrated  into 
more  complex  PIC’s  (such  as  lasers^*’^^,  receivers^'^^^’^*,  and  an  add/drop  multiplexer^^)  and  how  they 
have  been  used  in  various  system  experiments"^®’'^*  '*^.  It  seems  that  this  development  is  accelerating  which 
is,  for  example,  demonstrated  by  the  rapid  commercialization"^^  of  the  Si-based  demultiplexers. 

Discussion  and  conclusion.  The  performance  of  a  variety  of  commercial  demultiplexers  is  compared  in 
Table  1.  The  splitter  plus  filter  configuration  is  rather  popular  due  to  its  simplicity  and  tunability,  but  it 
poses  an  intrinsic  splitter  loss  of  lO  log(N)  and  may  show  unwanted  back-reflections.  Fixed  demultiplexers 
will  gain  in  importance,  as  soon  as  WDM  channels  have  been  standardized.  For  cascaded  filters,  the  loss 
increases  proportional  to  number  of  channels,  which  limits  its  suitability  to  4-8  channels.  Micro-optic 
demultiplexers  offer  proven  reliability  in  addition  to  excellent  performance  in  terms  of  number  of 


Table  1;  Overview  of  performance  of  commercial  wavelength  demultiplexers. 


Technique 

Type 

N 

AX 

(nm) 

Ins.Loss 

(dB) 

Ret.Loss 

(dB) 

X-talk 
(-  dB) 

Drift 

(nm/®C) 

Pol.Dep. 

(dB) 

Vendor 

Module 

Splitter  + 
FFP-filter 

<1. 5-2.5 

7 

7 

Act.  tuning 

<0.5 

Micron  Optics 

<4 

>22-40 

7 

Act.  tuning 

7 

Queens  gate 

Cascaded  filters 

<1.5 

>40-55 

>15 

0.004 

7 

OCA 

Micro- 

Optic 

Cascaded  filter 

4-8 

1.6 

<3-4 

>40-55 

>30 

0.004 

<0.1 

OCA 

Grating 

4-41 

1-16 

<3-5 

7 

>30-55 

0.02-0.004 

7 

Jobin-Yvon 

PHASAR 

(passive) 

8 

7 

<10 

>25 

>20 

7 

<1 

Hitachi 

8 

1.61 

<10 

>30 

>20 

0.01  (tuning) 

7 

AT&T 

4-32 

0.8-2 

<6-7 

>40 

>20-22 

Peltier/NTC 

<0.3 

NTT 
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channels,  insertion  loss,  cross-talk,  polarization-dependence  and  thermal  stability"^^.  Integrated  optic 
demultiplexers,  especially  the  phased  array  type,  have  seen  an  enormous  development  and  the  recently 
commercialized  Si-based  demultiplexers  show  a  very  competitive  performance.  The  performance  of  these 
commercial  versions  can,  however,  not  yet  match  that  of  micro-optic  versions.  This  leads  us  to  conclude 
that  the  real  breakthrough  for  integrated  optics  has  to  be  expected  when  both  technology  and  market  are 
ready  for  photonic  IC’s  with  increased  functionality  due  to  a  larger  scale  of  integration. 
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INTRODUCTION  -  High-speed  polarization 
scramblers  can  substantially  improve  the 
performance  of  optically-amplified  transoceanic 
lightwave  systems  by  depolarizing  the  launched 
optical  information  signal,  thus  eliminating 
anisotropic  gain  saturation  (polarization  hole 
burning)  in  the  erbium-doped  fiber  amplifiers 
[1H3]-  Moreover,  additional  bit-synchronous 
phase  modulation  at  the  clock  frequency  of  the 
optical  information  signal  can  further  improve 
the  performance  of  non-return-to-zero  (NRZ) 
systems  through  a  partial,  nonlinear  conversion 
of  the  phase  modulation  into  amplitude 

modulation  [4H5].  It  is  also  well  known  that  a 
conventional,  single  waveguide  phase 
modulator  on  z-cut  lithium  niobate  (LiNbOa) 
generates  a  combination  of  polarization  and 
phase  modulation  if  the  input  light  is  linearly 
polarized  at  45°  [3],  [6],  Applying  a  voltage, 
V(t),  to  the  drive  electrode  of  this  simple 

modulator  induces  different  optical  phase  shifts 
for  the  TE-  and  TM-polarized  modes  via  the  r,3 
and  /33  electro-optic  coefficients,  respectively. 
The  induced  phase  shift  for  the  TM-polarized 
mode,  ^m(t).  is  given  by 

^TM(t)=r^V(t)  ,  (1) 

where  r  is  a  constant,  Xq  the  optical  wavelength 
in  free  space,  and  rgg  =  30.8  x  10"'^  nW  [3],  [6]. 
Similarly,  the  induced  phase  shift  for  the  TE- 
polarized  mode,  is  given  by 

^TE(t)  =  T^V(t)  .  (2) 

Aq 

where  r,3  =  8.6x10“'^m/V.  Note  that  the  two 
phases  are  shifted  in  the  same  direction  but  at 
substantially  different  rates  (/33=3.6f,3).  This 
gives  rise  to  a  differential  TE-TM  phase 
retardation,  with  ^(t)  =  ^TM(t)-^TE(V  = 

(r/Xo)(r33-ri3)V(t),  and,  in  addition,  to  a 
common  phase  modulation,  exp(j'¥(t)),  with 
'i'(t)=  (<S>m(t)+<t>TE(t))/2=  (T/2Xo)  (r^a  +  r.s)  V(t), 
Hence,  the  relative  amounts  of  phase  and 
polarization  modulation  are  determined  by  the 
ratio  (r33+ri3)/(r33-  ri3  )  [3]. 


In  this  paper  we  report  on  the  operation 
and  performance  of  a  novel  high-speed 
polarization  scrambler  with  independently 
adjustable  phase  and  polarization  modulation, 
in  particular,  this  scrambler  can  produce  chirp- 
free  polarization  modulation  as  weli  as  pure 
phase  modulation. 

OPERATION  -  Fig.  1  shows  two  slightly 
different  versions  of  this  high-speed  polarization 
scrambler  /  phase  modulator.  In  both  schemes, 
the  adjustable  phase  /  polarization  modulation 
is  generated  by  varying  the  optical  phases  of 
two  orthogonally  polarized  modes 
independently  of  each  other  using  two  separate 
phase  modulators.  Both  schemes  are  based  on 
a  Mach-Zehnder-type  interferometer  using  a 
conventional  Y-branch  splitter  in  the  input  and  a 
bulk-optic  polarization  splitter/combiner  (PBS)  in 
the  output,  which  is  connected  to  the  two  arms 
of  the  interferometer  via  polarization 
maintaining  fibers  (PMF).  The  Y-branch  splitter 
and  the  two  high-speed  phase  modulators  are 
integrated  on  a  z-cut  LiNbOa  substrate,  using 
standard  single-mode  waveguides  [7].  The 
modulator  in  Fig.  1  (b)  comprises  an  additional 
3-dB  directional  coupler  on  the  LiNbOa 
substrate,  located  after  the  phase  modulators. 

In  both  cases,  the  input  light  to  the 
LiNbOa  modulator  is  TM-polarized  and  is 
equally  divided  between  two  parallel  waveguide 
phase  modulators  which  independently 
modulate  the  optical  phases  of  the  TM- 
polarized  iight  in  the  two  arms,  ^i(t)  and 
via  the  raa  electro-optic  coefficient,  similar  to  Eq. 
(1).  In  Fig.  1  (a),  the  two  phase  modulated 
waves  are  combined  in  orthogonal  polarization 
states  by  converting  one  of  the  signals  into  TE- 
polarized  light  before  it  enters  the  PBS.  The 
normalized  amplitudes  of  the  TE-  and  TM- 
polarized  components  after  the  PBS,  Ajm  and 
Ate,  are  described  by  the  Jones  vector 


Atm 

1 

exp 

Ate 

<2 

exp  (^2(t)) 

where  we  have  assumed  identical  optical  path 
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Fig.  1.  Schsmstic  disgrQtns  of  two  high-spsod  pol3riz3tion  scr3mbl6rs  with  continuously 
3djust3ble  ph3se  modul3tion,  implemented  on  z-cut  lithium  niobete  (LiNbOg)  :  (3), 
compiising  two  p3r3llel  phsse  modul3tors  interconnected  by  en  input  Y-brench  end  sn 
output  poisrizetion  beem  splitter  (PBS);  (b),  besed  on  en  integreted-optic  Mech-Zehnder 
interferometer  followed  by  3  PBS.  In  both  ceses,  the  TM-polsrized  light  from  the  two 
output  ports  of  the  LiNbOg  chip  is  combined  in  orthogonel  poisrizstion  st3tes  using 
properly  oriented  poisrizstion  meintsining  fiber  (PMF). 


lengths  in  the  two  arms.  The  differential  TE-TM 
phase  retardation  is  then  given  by 
(b(t)=^i(t)-^2(t)  and  the  common  phase  shift 

by'¥(t)=(^i(t)+€>2(t))/2. 

In  the  scheme  of  Fig.  1  (b),  the  two  phase 
modulated  signals  are  mixed  in  a  3-dB 
directional  coupler  before  they  are  combined  in 
orthogonal  polarization  states.  The  3-dB 
coupler  converts  the  differential  phase 
retardation,  <i>(t),  into  amplitude  modulation 
while  leaving  the  common  phase  modulation, 
^(t),  essentially  unchanged  [8].  The  output 
powers  of  the  3-dB  splitter  are  proportional  to 
cos  ^  (g;>(t)/2+ n/4 )  and  sin  ^  ( ^(t)/2+  n/4). 
Thus,  the  amplitudes  of  the  TE-  and  TM- 
polarized  signals  after  PBS  are  then  given  by 


Atm  1  cos  (^(t)/2+  n/4) 

Ate  ^  sin  (^(t)/2  +  n/4)  ^ 

xexp  j('¥(t)-n/4)^  .  (4) 

The  operation  of  this  scrambler  is  therefore 
similar  to  that  of  a  phase  modulator  followed  by 
a  variable  polarization  rotator. 

In  both  schemes,  the  phase  modulators 
are  driven  by  sinusoidal  voltages  of  the  form 
Vjcos  ("tif-t-cltj  and  V'^cosf'Ofj  such  that 
4>,('fj=A®,cos  snd 

<p2(t)=A4>2COS  (Qt).  From  Eqs.  (3)  and  (4)  it  is 
then  easily  seen  that  both  scramblers  are 
capable  of  generating  any  combination  of 
differential  phase  retardation,  Oft),  and 
common  phase  modulation,  simply  by 

adjusting  the  relative  drive  phase,  <t),  and  the 
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peak  phase  deviations,  AO,  and  AO^, 
generated  by  the  two  phase  modulators  via  the 
drive  voltage  amplitudes  V,  and  14.  For 
example,  if  the  two  phase  modulators  are 
driven  with  equal  voltage  amplitudes,  V,  =  14. 
such  that  AO,  =A02,  we  obtain 


OftJ  = -AO  sin  <j)/2J 

'i'fO  =  A'Pcos  '  (5) 

with  AO= 2AO,  sin  ('^/2J  and 

A¥=  A«> ,  cos  f'  (p/2J,  such  that 

(AO/2J^  +  {AT =  (AO,  Note  that  O  and  T 
are  modulated  in  quadrature  phase.  The 
relative  amounts  of  phase  and  polarization 
modulation  are  determined  by  the  drive  phase, 
(!>:  at  <|)=7t  we  obtain  chirp-free  polarization 
modulation  and  at  <!>=  0  pure  phase  modulation. 
Similarly,  for  fixed  drive  phase  (l)=jt  and  variable 
peak  phase  deviations  AO,  and  AO2  we  find 


o(t)  =  (AO,  +  AO2 )  cos  (nt+n) 


T(tJ  = 


AO2  -  AO, 
2 


COS  (Qt) 


(6) 


where  O  and  are  modulated  in  phase  (or 
anti-phase). 


EXPERIMENTAL  RESULTS  -  We  have 
realized  the  scrambler  shown  in  Fig.  1  (b)  using 
a  LiNbOs  modulator  with  standard  titanium- 
diffused  waveguides.  The  two  high-speed 
phase  modulators  employ  identical.  2-cm-long 
traveling-wave  electrodes.  The  LiNbOa 
modulator  has  a  fiber-to-fiber  insertion  loss  of 
3.5  dB  and  a  3-dB  modulation  bandwidth  of 
14  GHz  when  operated  as  an  intensity 
modulator.  The  overall  fiber-to-fiber  insertion 
loss  of  the  entire  scrambler  is  less  than  5  dB 
(including  fiber  connectors).  The  optical  powers 
in  the  two  arms  of  the  LiNbOg  modulator  and 
the  two  PMF  connections  to  the  PBS  have  to  be 
well  balanced  in  order  to  avoid  undesired 
intensity  modulation  in  the  output  light. 
Furthermore,  the  optical  path  lengths  of  the  two 
interferometer  arms  need  to  be  well  matched  to 
avoid  polarization  mode  dispersion  (PMD).  The 
present  device  exhibits  about  5  ps  of  PMD  and 
2  %  residual  intensity  modulation.  The  coupling 
ratio  in  the  3-dB  coupler  of  the  MZI  modulator, 
however,  is  less  critical  in  this  application. 

Fig.  2  (a)  displays  the  degree  of 
polarization  (DOP)  in  the  output  light  of  the 
scrambler,  measured  with  a  HP  8509B 
polarization  analyzer,  versus  the  drive  phase  4) 


and  drive  voltage  amplitudes  V,  =  V2.  The 
scrambler  is  operated  here  at  a  wavelength  of 
1558  nm  and  modulated  at  a  frequency  of 
1 0  kHz.  The  first  minimum  in  the  DOP  occurs  at 
I/,  =  V4=3.45V  and  <|)=7t.  At  this  operating 
point  the  scrambler  generates  chirp-free 
polarization  modulation  with  AO= 2.40  rad  and 
A^=0  rad. 


Fig.  2.  Degree  of  polarization  in  the  output 
light  versus  drive  voltage  amplitudes 
and  phases:  (a),  for  V',  =  14;  (b)  for 
(t)=7r.  Modulation  frequency  is  10  kHz. 

At  \/,=3.45V  and  (t)=0,  the  scrambler 
produces  pure  phase  modulation  with 
A'P=:  1.20  rad.  At  voltage  amplitudes  above 
3.45  V,  we  always  find  at  least  two  values  of  ^ 
with  minimum  DOP  and  the  depolarized  output 
light  is  in  general  phase  modulated.  A  second 
chirp-free  DOP-minimum  occurs  at  I',  =  7.9  V 
and  (t)=7c.  with  A<1)=5.52  rad.  At  the  same 
voltage  amplitude  and  (i>=0.90,  we  find  another 
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DOP  minimum  with  large  superimposed  phase 
modulation,  i.e.,  A¥= 2.48  rad  and 

Aa>=2.40  rad. 


Fig.  3.  Optical  output  spectrum  at  the  first 
DOP  minimum  with  Vi  =  \/2  and  (l)=xc. 
The  scrambler  is  modulated  at 
7.5  GHz. 

Fig.  2  (b)  shows  the  output  DOP  versus 
Vi  and  V2  for  fixed  drive  phase  <t>=jc.  For  each 
voltage  amplitude  V',  we  find  at  least  one  value 
of  V2  with  minimum  DOP  (and  vice  versa). 
Chirp-free  polarization  modulation,  however,  is 
only  obtained  for  V',  =  14.  Fig.  3  shows  the 
optical  output  spectrum  for  chirp-free 
polarization  modulation  at  the  first  DOP 
minimum  with  <l)=jt.  The  scrambler  is 
modulated  here  at  a  frequency  of  7.5  GHz  and 
with  a  total  drive  power  of  560  mW.  From  Fig. 
3  we  deduce  a  peak  phase  deviation  of  1 .2  rad, 
indicating  chirp-free  polarization  modulation 
with  AO=2.4rad  and  A'V-O  rad.  It  should  be 
noted  that  the  sideband  amplitudes  in  the 
output  spectrum  are  independent  of  the  drive 
phase  <|).  If  (j)  is  detuned  from  n,  such  that 
A<l)<2.4rad  and  A^>0rad,  we  obtain  the 
same  spectrum  as  in  Fig.  3.  This  can  be  easily 
seen  if  we  transform  Eq.  (4)  into  the 
components  of  linearly  polarized  light  at  +45° 
and  -45°,  which  yields 


A  +  45 

1 

'  exp  (jA<t>i  cos  COf+  (j))) 

A-45 

'<2 

exp  (7A4>2C0s  (Ot)) 

similar  to  Eq.  (3).  The  power  spectra  of  these 
two  orthogonally  polarized  components  are 
always  identical  and  independent  of  (|).  They 
are  also  insensitive  to  DC  offsets  in  the  drive 
voltages.  The  sideband  amplitudes  in  both 
spectra,  however,  change  with  drive  power  in 
the  same  fashion  as  for  pure  phase  modulation. 
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Introduction 

Polarisation  dependence  is  a  main  issue  in  optical  communication  systems.  One  way  to  make 
components  polarisation  independent  is  the  use  of  a  7J2  plate  inserted  in  the  middle  of  a 
component,  as  has  been  demonstrated  for  phased-array  demultiplexers  [1].  This  method  can 
also  be  applied  to  InP-based  demultiplexers  and  other  components,  but  then  the  yj2  plates  must 
be  replaced  with  integrated  converters  [2,3,4].  In  this  paper  we  present  experimental  results  on 
novel  compact  InP-based  polarisation  converters  with  high  conversion  values,  employing 
waveguide  bends  with  very  small  bending  radii.  These  converters  are  easy  to  fabricate  (only 
one  single  etch  step  is  required)  and  are  thus  well  suited  for  integration  with  other  devices. 
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InP  substrate 


Figure  1.  The  deeply  etched  waveguide  structure  as  used  for  the  polarisation 
converter. 

Design 

Earlier  experiments  have  shown  that  very  small  bending  radii  (down  to  30  pm)  can  be  applied 
with  low  insertion  loss  when  using  a  deeply  etched  waveguide  structure  [5].  Such  waveguide 
structure  is  shown  in  figure  1.  Numerical  analysis  with  a  2D  vectorial  method  of  lines  mode 
solver  reveals  that  in  such  waveguides  the  non-dominant  transverse  field  component  strongly 
increases  if  the  bending  radius  is  chosen  sufficiently  small,  i.e.  the  polarisation  plane  is  tilted  if 
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the  bending  radius  is  reduced.  In  figure  2  the  X-  and  R-components  of  the  TE-polarised  zero 
order  mode  are  shown  for  a  bending  radius  of  50  [xm.  Graphs  of  the  TM-polarised  zero  order 
mode  are  almost  identical.  From  the  surface  intensity  plots  of  both  components  we  can  see  that 
almost  40  %  of  the  total  field  power  is  in  the  non-dominant  X-component.  This  means  that  the 
state  of  polarisation  is  rotated  by  more  than  35  degrees.  By  placing  waveguide  bends  with 
opposite  direction  of  curvature  in  series,  the  non-dominant  field  components  will  couple  to  the 
dominant  field  components  of  the  other  polarisation.  The  shape  of  the  X-  and  R-components  of 
both  polarisations  are  almost  identical,  which  results  in  low  coupling  losses  of  0.2  dB  in  the 
case  of  a  50  p,m  bending  radius. 


Figure  2.  Surface  intensity  plots  of  the  non-dominant  X-component  (left)  and  the 
dominant  R-component  (right)  of  the  TE-polarised  zero  order  mode  in  a 
waveguide  bend  with  a  50  |J.m  radius. 


Maximum  conversion  will  occur  if  the  propagation  length  between  two  subsequent  junctions  is 
chosen  equal  to  the  beatlength  of  the  TE  and  TM  polarisation.  This  beatlength  is  defined  as 
Ljj  =  7U  /(PxE  -  Ptm)»  in*  which  Pje  nnd  PxM  ^re  the  propagation  constants  of  the  TE  and  TM 
zero  order  mode,  respectively.  For  measurement  of  the  polarisation  conversion  we  used  the 
layout  as  shown  in  figure  3.  Two  U-bends  are  placed  in  series,  connected  to  each  other  by 
3.0  |xm  wide  waveguides.  The  U-bends  consist  of  four  arc  segments  with  a  segment  angle  a. 
This  angle  is  varied  between  10  and  80  degrees,  allowing  for  different  beatlengths  between  two 
subsequent  junctions.  The  in-  and  output  waveguides  of  the  U-bends  are  also  3.0  |xm  wide, 
because  they  are  known  to  have  low  propagation  losses  [5].  The  transition  between  these 
waveguides  and  the  1 .4  |j.m  wide  bends  was  done  using  an  adiabatic  taper  with  a  length  of 
50  |im.  The  total  device  size  is  975  x  83  |J.m. 


Figure  3.  Schematic  layout  of  the  polarisation  converter,  in  which  the  segment 
angle  is  depicted  as  a. 
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Fabrication 

Waveguides  have  been  fabricated  in  a  MOCVD-grown  InP/InGaAsP(?ig  =1.3  |im)/InP  ridge 
waveguide  structure.  A  100  nm  thick  PE-CVD  deposited  SiNx  film  was  used  as  a  masking 
layer,  and  waveguides  were  etched  completely  through  the  guiding  layer  into  the  substrate 
employing  a  CH4/H2  RIE  etch/descum  process  to  reduce  the  scattering  losses  [6].  Waveguide 
losses  were  measured  1.0  dB/cm  and  2.2  dB/cm  for  widths  of  3.0  |im  and  1.4  |xm  respectively, 
both  for  TE  and  TM  polarisation.  The  sidewall  angle  was  measured  to  be  13  degrees  off 
verticality. 

Experimental  results 

The  performance  of  the  polarisation  converters  was  measured  using  a  Fabry-Perot  laser 
operating  at  a  wavelength  of  1508  nm.  TM  polarised  light  was  launched  into  the  waveguide 
and  at  the  output  a  polarisation  filter  was  used  for  measuring  the  TE  and  TM  response 
separately.  In  figure  4(a)  the  conversion  values  are  shown  versus  the  segment  angle.  The 
measurement  results  for  the  converters  using  a  bending  radius  of  50  |i.m  are  of  most  interest.  A 
high  polarisation  conversion  of  85  %  was  measured  at  a  segment  angle  of  70  degrees.  Low 
conversion  values  (<  20  %)  were  measured  for  small  bending  radii  (<  50  pm),  and  are  not 
shown  in  the  graph.  Also  a  beat  between  TE  and  TM  polarisation  is  clearly  observed.  The 
appropriate  beatlengths  are  120,  130,  140  and  300  pm,  for  bending  radii  of  50,  75,  100  and 
150  pm,  respectively,  which  deviate  significantly  from  calculations  (>  1  mm).  This  may  be  due 
to  the  non-vertical  sidewalls  which  were  not  included  in  the  modelling.  Excess  loss  values, 
which  are  shown  in  figure  4(b),  showed  negligible  dependence  on  the  segment  angle. 


Segment  angle  [deg] 
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50  100 

Bending  radius  [pm] 
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Figure  4.  Measurement  results  of  the  first  experiment  polarisation  converters: 
polarisation  conversion  (a),  and  excess  loss  (b). 


For  a  second  experiment  another  converter  layout  was  used.  In  this  case  the  converter  consists 
of  two  S-bends,  made  of  two  arc  segments,  connected  to  each  other  with  a  500  pm  straight 
waveguide.  Again  the  segment  angle  was  varied  in  order  to  obtain  different  beatlengths 
between  two  subsequent  junctions.  Measurements  of  these  converters  are  shown  in  figure  5. 

As  can  be  seen  in  figure  5(a),  a  45  %  conversion  was  obtained  at  a  bending  radius  of  70  pm. 
The  corresponding  excess  loss  value  can  be  found  in  the  graph  of  figure  5(b)  and  is  only 
0.4  dB.  This  is  the  lowest  excess  loss  value  for  a  polarisation  converter  reported  so  far.  Also 
45  %  conversion  is  obtained  with  a  30  pm  bending  radius.  The  excess  loss  is  then  slightly 
higher:  0.6  dB. 
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Figure  5.  Measurement  results  of  the  second  experiment  polarisation  converters: 
polarisation  conversion  (a),  and  excess  loss  (b). 

Conclusion 

A  novel  type  of  polarisation  converter  has  been  realised  using  deeply  etched  narrow  InP/ 
InGaAsP  ridge  waveguide  bends  with  small  bending  radius.  It  combines  low  loss  (2.7  dB)  with 
compact  device  size  (975  x  83  fim)  and  high  polarisation  conversion  (>  85  %).  Also  a  45  % 
converter  was  realised  with  extremely  low  excess  loss  (0.4  dB),  and  a  device  size  of 
760  X  86  |J,m.  It  is  demonstrated  that  with  deeply  etched  waveguide  bends  with  small  radii 
strong  polarisation  conversion  can  be  obtained. 
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INTRODUCTION: 

In  recent  years,  advancements  in  semiconductor  optical  amplifier  (SOA)  technology  have  solved 
many  of  the  problems  (e.g.,  polarization  sensitivity[l]  and  low  saturated  output  powers[2])  which 
have  prevented  their  widespread  deployment  into  optical  networks.  The  most  elusive  and  last 
remaining  problem  is  the  large  crosstalk  between  channels  in  wavelength  division  multiplexing 
(WDM)  and  time  division  multiplexing  (TDM)  applications.  The  crosstalk  arises  from  dynamic 
gain  variations  due  to  gain  saturation.  Ilie  most  effective  solution  to  these  problems  involves  the 
use  of  a  separate  and  simultaneous  stimulated  emission  field  in  the  SOA.  Above  threshold,  the 
gain  is  clamped  to  the  cavity  losses  and  the  effective  carrier  lifetime  is  significantly  reduced  due  to 
stimulated  emission.  As  a  result,  crosstalk,  speed,  and  linearity  of  Ae  SOA  are  significantly 
improved.  Previous  implementations  of  this  gain-clamping  approach  to  crosstalk  reduction  use  a 
longitudinal  lasing  field[3-5]  where  a  distributed  Bragg  reflector  (DBR)  or  distributed  feedback 
(Dra)  laser  structure  is  modified  with  lower  reflectivities  and  then  pumped  above  threshold.  This 
approach,  where  laser  light  is  coUinear  with  the  amplified  signal,  has  a  number  of  disadvantages. 
T^e  creative  challenge  is  to  find  a  configuration  where  an  "extra"  lasing  field  can  share  the  same 
gain  medium  and  not  hinder  propagation  of  the  signal  beam  through  the  device. 

Our  solution  is  to  use  an  orthogonal  lasing  configuration  as  shown  in  Fig.  1(a).  The  orthogonal 
lasing  field  is  provided  by  a  vertical-cavity  surface-emitting  laser  diode  (VCSEL).  A  single-mode 
SOA  ridge  waveguide  is  formed  in  the  upper  VCSEL  mirror.  We  will  refer  to  Ais  structure  as  a 
vertically  lasing  semiconductor  optical  amplifier  (VLSOA).  The  advantages  of  a  VLSOA  over  other 
gain  clamped  geometries  are:  1)  No  separate  spectral  filtering  of  laser  light  along  the  fiber  input  or 
output  is  needed.  2)  The  full  SOA  gain  spectrum  is  available  for  use  since  no  wavelength 
dependent  components  are  in  the  signal  beam  path  (e.g.,  DBRs  or  dichroic  coatings).  3)  Since  the 
internal  power  density  is  very  large  in  a  VCSEL,  single  mode  rate  equations  show  that  Ae  VLSOA 
is  significantly  faster  than  other  gain  clamped  SOAs.  Thus  the  VLSOA  geometry  can  provide  the 
highest  channel  speeds  for  WDM,  TDM,  and  CATV/microwave  applications.  4)  Because  the 
lasing  field  is  orthogonal  to  the  signal  gain  path,  the  device  parameters  for  lasing  (e.g.  mirror 
reflectivities)  can  be  independently  tailored  from  SOA  gain  (e.g.  length).  As  a  result,  the  trade-off 
between  high  lasing  field  power  (i.e.  effective  gain  clamping)  and  gain  along  the  ridge  waveguide 
is  eliminated. 

The  basic  physics  of  the  VLSOA  device  is  now  briefly  discussed.  As  the  device  is  electrically 
pumped,  the  gain  of  the  amplifier  increases  until  the  VCSEL  reaches  lasing  threshold.  Above 
threshold,  the  gain  is  saturated  or  clamped  to  the  passive  losses  (primarily  mirror  losses).  Any 
further  pumping  of  the  medium  results  in  the  lasing  power  increasing.  In  the  case  of  the  VLSOA, 
there  is  good  spatial  overlap  between  the  signal  beam  along  the  ridge  waveguide  and  the  lasing 
field  in  the  vertical  direction.  The  clamping  of  the  gain  to  the  passive  losses  via  feedback 
(historically  analogous  to  the  electrical  operational  ampMer)  by  a  lasing  field  implies  that  all  the 
relevant  parameters  of  a  laser  then  apply  such  as  speed  of  response,  photon  lifetime,  etc.  Since 
the  VCSEL  mirror  reflectivities  are  relatively  stable  to  variations  in  temperature,  age,  or  drift  in 
materials  parameters,  the  SOA  gain  is  also  insensitive  to  these  parameters.  One  benefit  of  gain 
clamping  is  that  the  WDM  crosstalk  is  greatly  reduced.  The  lasing  field  acts  as  a  ballast  and  an 
input  signal  modulates  the  VCSEL  power  as  opposed  to  a  conventional  SOA  where  an  input  signal 
modulates  the  gain.  As  the  amplified  signal  output  power  is  increased,  the  gain  is  clamped  and 
linear  until  the  laser  power  is  exhausted.  Hence,  the  effective  SOA  saturation  output  power  equals 
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the  lasing  field  power.  Another  benefit  of  the  VLSOA  is  that  the  TDM  gain  recovery  time  is  greatly 
reduced  from  ~1  ns  to  -10  ps  as  result  of  stimulated  emission  from  the  lasing  field.  A  third,  but 
yet  untested  benefit,  is  the  possibility  of  reducing  the  amplified  spontaneous  emission  (ASE)  noise 
in  the  ridge  waveguide  by  microcavity  noise  reduction.  Briefly,  the  ASE  enhancement  expected  in 
the  vertical  direction  [6]  reduces  the  ASE  for  the  horizontal  direction.  Stimulated  emission  is  not 
affected  and  hence  the  SOA  gain  will  not  be  reduced.  It  may  be  possible  to  exploit  this  effect  to 
build  low  noise  SOAs. 

DEVICE  FABRICATION: 

An  SEM  photo  of  our  first  generation  VLSOA  is  shown  in  Fig.  1(b).  The  device  is  essentially  a 
tilted-facet  ridge  waveguide  SOA,  except  that  it  uses  a  VCSEL  epitaxial  wafer  in  place  of  a 
conventional  edge-emitting  design.  The  ridge  etched  into  the  top  Bragg  reflector  is  used  for 
electrical  and  optical  confinement  along  the  waveguide,  and  the  tilted  facets  are  used  to  suppress 
lasing  along  the  amplifier  direction.  The  VCSEL  wafer  is  a  molecular  beam  epitaxy  (MBE)  grov/n 
structure  with  GaAs/AlGaAs  Bragg  reflectors  and  a  InGaAs  multiple  quantum  weU  active  region. 
The  wafer  used  in  these  experiments  produced  room  temperature  CW  output  powers  of  5  mW 
when  processed  into  proton-implanted  30  fxm  square  vertical  cavity  lasers  [7].  Details  of  the 
VCSEL  wafer  design  and  epitaxial  growth  can  be  found  in  the  literature  [7].  Figure  1(b)  is  a  view 
of  the  end  facet  of  the  VLSOA.  The  photo  shows  a  3  pm  thick  top  Bragg  reflector  (20.5  Bragg 
pairs,  0.14  pm  period),  active  region  (white  stripe)  and  4.5  pm  thick  bottom  Bragg  reflector.  Ihe 
ridge  is  9  pm  wide,  and  was  defined  by  etching  about  half  way  through  the  top  Bragg  reflector 
with  a  H2S04:H202:H20  based  liquid  etch.  The  top  of  the  ridge  is  electrically  contacted  with  e- 
beam  and  electroplated  gold,  and  there  is  an  insulating  SiC)2  layer  under  the  gold  in  the  valley 

regions.  The  ridge  stripes  run  at  a  seven  degree  angle  to  the  (100)  cleave  planes  to  prevent 
longitudinal  lasing. 


112800  aOKV  K4.00K  7. Sum 


Fig.  1  (a)  schematic  of  the  VLSOA 


Fig.  1(b)  SEM  image  of  VLSOA  cleaved  facet. 
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EXPERIMENTAL  RESULTS: 


Current  (mA)  SOA  Current  (mA) 


Fig.  2.  (a)  ASE  spectra,  I  =  0  to  800  mA,  100  mA  steps,  res.  bandwidth  0.1  ran;  (b)  VLSOA  gain  vs.  bias  current; 
(c)  L-I  curve  for  VCSEL  lasing  power,  (d)  VLSOA  crosstalk  signal  vs.  bias  current 

The  VLSOAs  were  cleaved  into  individual  die  and  mounted  active-side  up  without  solder  onto  a 
vacuum  heat  sink.  In  order  to  avoid  adverse  thermal  effects,  the  bias  current  to  the  device  is  pulsed 
at  a  0.2%  duty  cycle  (1  \is,  2  kHz).  (With  properly  soldered  heat  sinks  CW  operation  is  possible.) 
The  pulsed  L-I  curve  of  the  vertical-cavity  laser  is  shown  in  Fig.  2(c).  The  VCSEL  threshold 
current  is  observed  to  be  400  mA  and  thus  the  VLSOA  is  expected  to  be  gain-clamped  above  tWs 
current  level.  The  intensity  in  Fig.  2(c)  is  in  arbitrary  units  because  the  devices  are  covered  with 
gold  on  both  sides  and  they  have  no  output  window  to  allow  detection  of  the  VCSEL  light.  To 
obtain  the  L-I  curve,  a  hole  was  scratched  through  the  gold  on  the  substrate  side  of  the  device  to 
allow  some  light  to  escape.  The  threshold  current  is  higher  than  VCSEL  devices  in  the  literature 
for  two  reasons.  First,  our  devices  are  -100  times  larger  in  area  than  the  low  threshold  VCSELs  in 
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the  literature,  and  thus  they  are  expected  to  have  100  times  higher  operating  currents.  Second,  our 
devices  have  almost  no  lateral  current  confinement  compared  to  other  VCSEL  structures  in  the 
literature.  Our  next  generation  VLSOA  devices  will  incorporate  improved  current  confinement  and 
should  operate  CW  at  currents  comparable  to  convention^  ridge  waveguide  SOAs  (<100  mA). 

The  ASE  spectra,  collected  with  a  single-mode  optical  fiber  from  the  VLSOA  ridge  waveguide,  are 
shown  as  a  fimction  of  bias  current  in  Fig.  2(a).  Nine  bias  current  levels  ranging  from  0  to  800 
mA  in  100  mA  steps  are  depicted.  For  a  conventional  SO  A,  the  ASE  power  would  continue  to 
increase  with  bias  current  up  to  800  mA;  however,  in  these  VLSOA  devices  the  ASE  power  is 
clamped  by  the  internal  lasing  field  when  the  VCSEL  reaches  threshold  at  400  mA.  The  second 
important  result  from  Fig.  2(a)  is  that  no  detectable  laser  light  is  coupled  into  the  single-mode 
optical  fiber  which  defines  the  optical  pathway  for  the  amplified  signal  beam. 

Figure  2(b)  shows  that  as  the  VCSEL  reaches  threshold,  the  gain  clamps  at  16  dB.  The  gain  in 
this  first  generation  VLSOA  is  limited  by  a  low  and  unoptknized  mode  confinement  factor,  poor 
lateral  mode  control,  and  low  current  confinement.  These  limitations  can  be  overcome  in  future 
devices  and  30  dB  chip  gains  should  be  possible. 

The  crosstalk  signal  is  measured  by  introducing  a  chopped  (Ifis,  IkHz)  Ti:sapphire  laser  “pump” 
beam  at  960  nm  and  a  CW  laser  diode  “probe”  beam  at  954  nm  [8].  A  Hewlett-Packard  optical 
spectrum  analyzer  (OSA)  is  used  to  filter  and  detect  only  the  954  nm  laser  light.  A  lock-in 
amplifier  is  employed  to  sense  the  1  kHz  modulation  of  the  pump  beam  induced  onto  the  probe 
beam.  The  crosstalk  signal  is  defined  as  the  ratio  of  this  1  kHz  AC  component  divided  by  the  DC 
magnitude  of  the  transmitted  probe  beam.  The  crosstalk  signal  is  shown  in  Fig.  2(d)  as  a  function 
of  the  bias  current .  A  precipitous  25  dB  drop  in  crosstalk  is  observed  as  the  current  is  increased 
above  the  400  m  A  VCSEL  threshold  current,  consistent  with  the  onset  of  gain  clamping  observed 
in  Figs.  2(a,b,c).  For  a  conventional  SOA,  the  crosstalk  signal  would  continue  to  increase  with 
bias  current  up  to  800  mA. 

CONCLUSION: 

We  have  proposed,  fabricated  and  tested  a  vertically  lasing  semiconductor  optical  amplifier.  The 
device  exhibits  a  16  dB  clamped  chip  gain  and  25  dB  reduction  in  crosstalk  relative  to  the 
maximum  crosstalk  which  occurs  just  below  the  lasing  threshold.  Virtually  no  laser  light  is  coupled 
into  either  the  input  or  output  optical  fibers.  Short  wavelength  VCSELs  are  commercially  available 
and  long  wavelength  VCSEL  technology  is  progressing  rapidly  [9].  VCSEL  epitaxial  growth 
technology  is  compatible  with  strained  multiple-quantum  well  material  which  can  be  made 
polarization  insensitive  [1].  We  envision  future  crosstalk  free  VLSOAs  with  polarization 
insensitivity,  low  current  consumption,  high  fiber-to-fiber  gain,  and  availability  at  all  major 
communications  wavelengths. 

This  work  was  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  La\\TCnce 
Livermore  National  Laboratory  under  contract  No.  W-7405-Eng-48.  The  authors  would  like  to 
acknowledge  the  efforts  of  Richard  Combs,  Holly  Petersen,  Bill  Coward,  and  J.S.  Smith. 
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Abstract 

We  report  the  static  performance  of  multiwavelength  DFB  Laser  Arrays  with  integrated 
star  couplers  and  optical  amplifiers.  Wavelength  deviations  of  ±0.2  nm  or  less  from  the  eight- 
wavelength  comb  designated  by  ONTC  have  been  achieved  with  high  yield.  High  power  into  a 
single  mode  fiber  of  about  -13  dBm  and  0  dBm  per  wavelength  has  been  measured  without  and 
with  on-chip  optical  amplification,  respectively. 

I.  INTRODUCTION 

For  WDM  lightwave  systems  to  be  cost  effective,  it  is  important  to  reduce  the  per- 
wavelength  component  cost.  One  approach  is  to  integrate  devices  with  similar  functionality  to 
form  arrays  such  as  laser  arrays  [1],  detector-preamplifier  arrays,  etc.  For  system  applications,  it  is 
necessary  to  combine  all  the  channels  with  different  wavelengths  into  one  single  mode  fiber  at 
each  transmitter  site  for  signal  transmission  or  distribution.  One  approach  is  to  combine  all  the 
laser  outputs  with  different  wavelengths  on  the  chip,  and  then  couple  the  combined  signal  into  one 
single  mode  fiber.  Such  a  photonic  integration  reduces  the  packaging  cost  per  wavelength  since  a 
single  optical  pigtailing  including  an  optical  isolator  is  shared  by  all  the  wavelengths  [1].  As  early 
as  1977,  Y-branches  were  used  to  combine  the  light  outputs  from  six  0.9  p,m  DFB  lasers  on  a 
GaAs  substrate  [2].  More  recently,  star  couplers  were  integrated  with  21 -wavelength  DFB  laser 
arrays  [3]  and  16-wavelength  DBR  laser  arrays  [4],  The  star  coupler  is  chosen  for  its  compactness 
and  wavelength  insensitivity.  To  compensate  for  the  inherent  1/N  splitting  loss,  a  semiconductor 
optical  amplifier  can  be  integrated  on  the  same  chip  [3,4]. 

In  the  Optical  Network  Technology  Consortium  (ONTC)  [6],  we  have  improved  the 
design  and  fabrication  of  multiwavelength  laser  arrays  with  integrated  star  couplers  and  optical 
amplifiers  to  meet  the  transmitter  requirements  of  WDM  network  access  modules.  Here  we  report 
the  static  performance  of  our  recent  array  chips,  which  is  superior  to  that  of  first  generation 
devices  reported  before  [3]. 

II.  ARRAY  DESIGN  AND  FABRICATION 

Fig.  1  shows  the  schematic  top  view  of  a  10-wavelength  DFB  laser  array  with  an 
integrated  star  coupler  and  two  optical  amplifiers.  The  star  coupler  combines  20  DFB  lasers  on 
the  left  hand  side.  The  waveguide  structure  employed  is  a  0.2  pm  thick  and  3  pm  wide  InGaAsP 
(1.25  pm  bandgap  wavelength)  layer  buried  with  regrown  Sl-InP  [3,  7].  In  order  to  compensate 
for  the  decreasing  diffraction  efficiency  of  the  outer  input  waveguides,  their  apertures  are 
increased  from  3  pm  for  the  center  inputs  to  7.5  pm  for  the  outermost  input,  using  300  pm  long 
tapers  [7].  The  minimum  radius  of  curvature  of  the  S-bends  is  600  pm. 

In  the  DFB  laser  region,  the  active  layer  consists  of  six  strain-compensated  quantum  wells 
[8]  grown  on  top  of  the  above  waveguide  layer.  At  the  transition  from  the  active  to  the  passive 
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waveguide  region  the  light  is  evanescently  coupled  with  a  theoretically  estimated  loss  of  less  than 
0.5  dB.  Gratings  with  10  different  pitches  are  patterned  by  e-beam  direct  writing.  Although  only 
eight  wavelengths  (1546-1560  nm  in  vacuum  with  2  nm  spacing)  are  needed  for  the  ONTC 
optical  network  testbed,  one  extra  grating  is  added  on  either  side  of  the  comb  to  increase  the 
chance  of  covering  the  whole  system  wavelengths  near  room  temperature.  To  improve  the  array 
yield,  we  have  implemented  two  DFB  lasers  per  wavelength.  The  laser  with  its  wavelength  closest 
to  the  designated  system  wavelength  was  selected  to  be  wire  bonded  for  final  packaging. 

Among  the  four  output  waveguides  on  the  right  hand  side  of  Fig.  1,  the  two  outer  ones  go 
through  semiconductor  optical  amplifiers  for  on-chip  amplification.  To  reduce  the  facet 
reflectivity  a  60  pm  long  window  region  is  incorporated  at  the  output  facet  of  each  optical 
amplifier  and  the  rear  facet  of  each  DFB  laser.  A  single  layer  antireflection  coating  is  applied  to 
further  reduce  the  facet  reflectivity.  The  total  chip  size  is  only  4.3  mm  x  1.4  mm. 

ni.  STATIC  PERFORMANCE 

Among  20  DFB  lasers  within  an  array,  the  threshold  current  is  measured  to  be  around  25 
mA  at  room  temperature  and  its  variation  within  an  array  is  less  than  10  %  [7].  By  operating  one 
laser  at  60  mA  each  time  on  the  bench  top,  the  power  per  laser  coupled  from  a  passive  output 
waveguide  into  a  single  mode  fiber  is  more  than  -13  dBm  which  is  a  significant  improvement  over 
the  previous  devices  [3].  The  high  output  power  per  wavelength  is  attributed  to  the  high  slope 
efficiency  of  the  DFB  lasers,  low-loss  integrated  star  coupler,  and  high-efficiency  fiber  coupling. 
The  estimated  loss  breakdown  is  summarized  in  Table  L.  Fig.  2.  shows  the  optical  spectrum  of 
eight  wavelengths  from  eight  selected  DFB  lasers  in  an  array  under  simultaneous  operation  in  a 
fiilly  packaged  transmitter  with  a  bias  current  of  60  mA  per  lasers  [9].  The  output  power  is  about 
-13±1.5  dBm  and  the  wavelength  deviations  from  the  2  nm  wavelength  comb  are  within  ±0.2  nm 
for  all  eight  wavelengths.  Note  that  the  power  reading  from  the  optical  spectrum  analyzer  is  about 
2  dB  lower  that  the  reading  from  the  power  meter  and  the  wavelength  measured  in  air  is  about 
0.7  nm  shorter  than  in  vacuum.  The  side  mode  suppression  ratio  is  better  than  35  dB  for  all  eight 
wavelengths. 

The  output  power  can  be  further  boosted  by  the  on-chip  semiconductor  optical  amplifier. 
Fig.  3.  shows  the  light-current  characteristics  of  DFB  lasers  with  on-chip  optical  amplification  for 
the  shortest  (solid  line)  and  longest  (dashed  line)  wavelengths  as  a  function  of  the  optical  amplifier 
current.  At  a  current  bias  of  200  mA,  more  than  10  mW  facet  power  for  a  single  laser  has  been 
obtained.  The  power  coupled  into  a  single  mode  fiber  is  about  0  dBm  per  wavelength  if  a  single 
DFB-laser  is  operated  at  60  mA.  The  net  optical  gain  is  estimated  to  be  about  13  dB.  To  our 
knowledge,  these  power  levels  are  the  highest  reported  for  integrated  multiwavelength  lasers  [3, 
4,  10].  The  above  results  are  measured  under  individual  operation,  one  DFB  laser  at  each  time.  It 
is  important  to  note  that  the  power  per  wavelength  might  be  reduced  when  eight  DFB  lasers 
operate  simultaneously  because  of  the  finite  saturation  output  power  of  a  semiconductor  optical 
amplifier.  The  detailed  study  will  be  carried  out  in  the  future  after  the  chip  is  packaged. 

To  find  out  the  wavelength  variation  resulting  from  non-uniform  material  growth  and 
device  fabrication  within  a  wafer,  we  have  deliberately  picked  five  integrated  laser  array  chips 
from  different  parts  of  a  wafer  (1.7  cm  x  1.8  cm).  The  absolute  wavelength  spread  at  15  °C  is 
about  1  nm  for  each  channel  and  the  channel  spacing  is  210.04  nm.  The  current  wavelength 
spread  is  small  enough  to  obtain  a  good  array  yield  for  eight  wavelengths.  The  minimized 
wavelength  deviation  from  the  designated  ONTC  wavelength  comb  shown  in  Fig.  4  is  obtained  by 
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adjusting  the  common  heat  sink  temperature,  and  between  two  redundant  lasers  operating  the  one 
with  its  wavelength  closer  to  the  ONTC  wavelength.  Among  five  integrated  laser  array  chips,  the 
array  yields  for  a  wavelength  tolerance  of  ±0.2  nm  and  ±0.1  nm  are  80  %  (4/5)  and  40  %,  (2/5) 
respectively.  The  high  array  yield  is  attributed  to  the  two-to-one  wavelength  redundancy 
implemented  on  the  chip  [1]  and  the  proximity  effect  i.e.  good  uniformity  in  both  growth  and 
fabrication  within  a  small  local  area  (0.95  x  0.37  mm^)  [1,5]. 

IV.  CONCLUSIONS 

We  have  realized  the  second  generation  multiwavelength  DFB  laser  arrays  for  the  ONTC 
optical  network  testbed.  High  array  yield  has  been  demonstrated  with  0.2  nm  wavelength 
tolerance.  With  on-chip  amplification,  the  integrated  laser  array  output  power  can  compete  with 
the  discrete  DFB  laser.  The  dynamical  performance  including  crosstalk  will  be  reported  later. 
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Fig.  1.  Schematic  top  view  of  a  10-wavelength  DFB  laser  array  with  an  integrated  star  coupler  and  two  optical 
amplifiers. 
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Fig.  2.  Optical  spectrum  of  eight  wavelengths  from 
eight  selected  DFB  lasers  in  an  array  under 
simultaneous  operation  in  a  fully  packaged 
transmitter  with  a  bias  current  of  60  mA  per  laser. 
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Fig.  3.  Ll-characteristics  of  DFB  lasers  with  on-chip 
optical  amplification  for  the  shortest  (solid  line)  and 
longest  (dashed  line)  wavelengths  as  a  function  of 
optical  amplifier  bias  current 
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Fig.  4.  Wavelength  deviation  of  five  randomly  selected  laser  array  chips  from  the  designated  ONTC  wavelength 
comb,  minimized  by  adjusting  the  common  heat  sink  temperature  and  between  two  redundant  lasers  operating  the 
one  with  its  wavelength  closer  to  the  ONTC  wavelength. 
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1.  Introduction 

Vertical-cavity  surface  emitting  lasers  (VCSELs)  are  promising  for  parallel  optical 
interconnection  and  optical  processing.  0.85-jxm  VCSELs  offer  some  practical  advantages 
over  0.98-jim  ones  [1-3]  in  that  they  can  be  used  with  standard  optical  fiber  and  more 
sensitive  Si  and  GaAs-based  receivers.  However,  it  is  generally  difficult  to  fabricate  0.85- 
(Xm  bottom-emitting  VCSELs  that  have  low  parasitic  capacitance  and  high  thermal 
conductance  by  introducing  flip-chip  bonding.  We  previously  reported  0.85-)im  bottom- 
emitting  VCSELs  on  an  AlGaAs  substrate  [4-5].  However,  their  performance  was  not 
satisfactory  and  the  utility  of  flip-chip  bonding  was  not  demonstrated. 

In  this  paper,  we  report  the  high  performance  of  a  0.85-|xm  bottom-emitting  VCSEL 
array  which  is  bonded  on  AIN  sub-mount  using  flip-chip  technique. 

2.  Experiment 

The  0.85-|im  VCSELs  were  grown  on  an  Alo.1Gao.9As  substrate  (produced  by  Hitach 
Cable  Co.  Ltd.)  by  metal  organic  chemical  vapor  deposition  (MOCVD).  After  CI2  gas 
etching  in  the  MOCVD  reactor,  we  grew  a  100-nm-thick  GaAs  buffer  layer.  Si-doped 
distributed  Bragg  reflectors  (DBRs),  comprising  26.5  pairs  of  Alo.isGaossAs/AlAs, 
GaAs/Alo.2Gao.8As,  6-multiple-quantum  wells  confined  by  spacer  regions,  a  C-doped  p- 
DBR  comprising  29.5  pairs  of  Alo.15Gao.85As/Alo.5Gao.5As/AlAs,  and  a  GaAs  phase¬ 
matching  layer.  This  structure  is  basically  same  as  that  previously  reported  [4-5]  except 
the  number  of  DBR.  The  individual  8x8  VCSEL  elements  were  produced  by  reactive  ion 
beam  etching  (RIBE)  using  Cl2  gas  and  were  buried  with  polymide.  A  Au  mirror  was 
deposited  on  phase-matching  layer  and  the  bottom  side  was  coated  with  an  antireflector. 
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was  mounted  in  a  face-down  configuration  on  an  AIN  substrate  with  metallization  tracks 
by  using  flip-chip  bonding  as  shown  in  Fig.  1.  The  individual  elements  were  250  |im  apart 
and  the  VCSEL  array  was  3x3  mm. 

3.  Results 

The  output  power-current  characteristics  of  16-,  21-,  and  26-}im  diameter  VCSELs 
under  CW  operation  at  25°C  was  measured.  The  emission  wavelength  for  all  three 
VCSELs  was  the  same:  855  nm  at  an  injection  current  density  of  about  3  kA/cm^.  An 
external  differential  quantum  efficiency  rjd  of  22%  (previously  reported:  2.6%  [5])  was 
achieved  due  to  the  reduced  bottom  reflectivity.  The  threshold  voltage  was  the  same  in  all 
cases,  2.3  V,  which  is  higher  than  the  2.1  V  of  VCSELs  on  a  GaAs  substrate  [5].  The 
threshold  voltage  was  higher  because  the  number  of  p-DBR  pairs  was  increased  to  obtain 
high  reflectivity.  The  threshold  current  were  2.1,  2.4,  and  4.35  mA  and  the  differential 
resistance  at  the  threshold  were  173,  143  and  86  Q  for  the  16-,  21-  and  26-|xm  diameters 
respectively. 

The  offset-gain  effect  can  be  introduced  to  obtain  higher  output  power.  The 
maximum  gain  wavelength  red-shifts  with  increasing  carrier  injection.  Figure  2  shows  the 
dependence  of  the  threshold  current  and  the  maximum  output  power  on  the  emission 
wavelength  (measured  @6  mA)  for  16-(xm  diameter  VCSELs  at  25°C.  In  these  devices, 
the  PL  emission  peak  from  the  quantum  wells  was  840  nm.  The  threshold  current  and 
maximum  output  power  was  optimal  at  around  863  nm,  which  coincides  with  a  23-nm 
offset-gain.  The  temperature  increase  of  the  active  layer  for  a  3-kA/cm2  injected  current 
density  was  estimated  to  be  24°C,  based  on  the  emission  wavelength  under  pulsed 
operation. 

Figure  3  shows  the  output  power  and  voltage  against  the  injection  current  for 
VCSELs  with  an  863 -nm  emission  wavelength.  The  maximum  output  power  and  power 
conversion  efficiency  were  4.2  mW  and  11.7%  at  around  10  mA.  The  power  conversion 
efficiency  had  little  dependence  on  the  diameters;  the  power  conversion  efficiency  was 
11.6  and  11.0%  for  the  21-  and  26-|xm  diameter  VCSELs,  respectively.  Reducing  the 
resistance  by  implantation  or  oxidation  techniques  would  further  improve  these  values  [6]. 

Figure  4  shows  the  temperature  dependence  of  the  light  output-current 
characteristics  of  the  16-|xm  VCSELs.  The  maximum  CW  operating  temperature  was 
extended  to  130°C  due  to  the  offset-gain  of  23  nm.  We  were  able  to  achieve  a  small 
variation  in  the  threshold  current  of  only  0.5  mA  between  20  and  80°C.  The  VCSELs 
produced  over  1  mW  of  output  power  up  to  100°C,  and  the  peak  output  power  was 
reduced  by  only  50%  as  the  operating  temperature  increased  from  20  to  80°C.  These 
characteristics  are  as  good  as  those  of  0.85-p.m  top-emitting  VCSELs  [7],  and  suggest  that 
0.85-|a,m  bottom-emitting  VCSELs  on  an  AlGaAs  substrate  have  great  potential. 
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We  also  confirmed  the  advantage  of  flip-chip  bonding  in  terms  of  thermal 
conductance.  The  average  in  the  threshold  current  of  the  16-|a.m  diameter  8x8  VCSEL 
array  elements  was  1.6  mA  with  a  variation  less  than  ±  0.3  mA.  For  the  VCSELs  with  an 
855-nm  emission  wavelength,  the  threshold  current  was  reduced  from  2.2  to  1.6  mA  after 
flip-chip  bonding.  This  shows  that  it  may  be  possible  to  reduce  the  thermal  crosstalk 
between  pixels  caused  by  the  facedown  configuration.  Moreover,  with  this  flip-chip 
bonding  technique,  the  parasitic  capacitance  of  all  VCSEL  elements  was  lowered  to  less 
than  0.5  pF  because  metallization  tracks  are  not  directly  applied  to  the  VCSEL  array.  As  a 
result,  a  3-dB  modulation  bandwidth  larger  than  2.6  GHz  across  all  array  elements  has 
been  achieved  for  a  bias  current  of  just  4.2  mA. 

4.  Summary 

We  have  demonstrated  the  high  performance  of  0.85-|a,m  bottom  emitting 
VCSELs  on  an  AlGaAs  substrate.  The  power  conversion  efficiency  was  11.7%  at  25°C 
and  the  maximum  CW  operating  temperature  was  130°C.  We  also  demonstrated  the 
utility  of  flip-chip  bonding  for  reduced  thermal  conductance  and  improved  high-speed 
modulation  in  the  VCSEL  array.  These  results  strongly  suggest  that  flip-chip  bonded 
0.85-)a,m  VCSELs  on  an  AlGaAs  substrate  can  be  promising  as  broadband  and  high- 
density  optical  light  sources. 
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Fig.  1.  (a)  Photograph  ( b)  Schematic  of  flip-chip  fabrication  of  0.85-p,m  bottom- 
emitting  VCSELs  on  an  AlGaAs  substrate. 
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Fig.  2.  Dependence  of  threshold  current  and  Fig.  3.  Light  output  power,  voltage  and  power 
maximum  output  power  on  the  emission  conversion  efficiency  against  current 
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Fig.  4.  Temperature  dependence  of  the  light  output-current  curve  for  16-p.m  VCSELs. 
The  maximum  CW  operating  temperature  was  130  °C. 
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I.  INTRODUCTION 

The  availability  of  suitable  electro  optical  switches  is  one  of  the  main  conditions  for 
the  implementation  of  optical  networks  based  on  III-V  semiconductor  material.  Especially  for 
telecommunication  applications,  switches  are  indispensable  components  in,  for  example, 
cross-connects,  add-drop  nodes,  transceivers  and  wavelength  routers.  The  benefit  of  using  an 
InGaAsP  film  layer,  instead  of  an  MQW  film  layer,  is  the  lower  absorption  loss  and  the 
possibility  to  integrate  active  and  passive  struetures  in  a  single  epitaxial  step.  The  advantage 
of  a  Mach-Zehnder  switch  is  that  it  changes  the  refractive  index  by  reverse  biasing  a  diode 
instead  of  injecting  a  current  like  in  certain  Digital  Operating  Switches  (DOS)  1-2.  Reverse 
biasing  enables  higher  switching  frequencies  and  leads  to  lower  heat  dissipation.  Because  the 
present  fibre  network  does  not  maintain  the  state  of  polarization,  independency  of  polarization 
is  one  of  the  main  properties  of  a  switch.  A  possible  disadvantage  of  a  single  2x2  Mach- 
Zehnder  switch  is  that  a  polarization  independent  crosstalk  lower  than  -20  dB  is  hard  to 
realize.  On  the  contrary  the  crosstalk  can  easily  be  enhanced  by  a  factor  of  two  using  dilated 

schemes  2.4. 


II.  DESIGN 

The  design  of  the  switch  consists  of  two  Multi  Mode  Interference  couplers  (MMI's)  as 
3-dB  splitting  and  combining  elements  and  2  mm  long  intervening  waveguides,  on  which 
Ti/Pt/Au-contacts  are  deposited,  as  phase  shifting  sections  (Fig.  1).  Etch  depth,  doping 
profiles  and  dimensions  of  the  switch  are  depicted  in  Fig.  2.  The  width  of  the  in-  and  output 
waveguides  are  chosen  to  be  3  pm  to  ensure  low  waveguide  losses  and  the  width  of  the  phase 
shifting  sections  are  4  pm  to  enable  alignment  of  2  pm  wide  contacts  on  top  of  them.  To 
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avoid  high  losses  for  TM  polarized  light  due  to  the  contacts  in  these  active  regions,  the  InP 
top  layer  is  chosen  as  thick  as  1000  nm.  A  300  nm  thick  intrinsic  InP  layer  is  included  to 
avoid  high  losses  due  to  absorption  in  the  p-doped  top  layer.  Phase  modulation  is  achieved  by 
changing  the  effective  refractive  index  by  applying  a  reverse  bias  voltage  between  the  two  top 
contacts  or  between  one  top  contact  and  the  substrate.  To  ensure  electrical  isolation  between 
the  two  top  contacts,  1  p,m  wide  gaps  are  etched  into  the  waveguide  adjacent  to  the  contacts 
(Fig.  2).  The  switch  is  produced  in  an  InP/InP/InGaAsP(?igap=1.3  p,m)/InP  p-i-n-n  layer  stack 
and  is  oriented  in  the  [0-11]  direction.  The  film  layer  is  n-doped  to  enhance  the  polarization 
independent  carrier  induced  effects  instead  of  the  polarization  dependent  electric  field  induced 
Pockels  effect^. 

Fig.  3  shows  the  theoretical  switching  curve  of  a  single  Mach-Zehnder  switch  in  case 
only  linear  electro-optic  effects  are  considered.  The  tolerance  in  the  switching  voltage  for  a 
crosstalk  value  of  -30  dB  is  less  than  5%  which  means  that  polarization  independent 
switching  is  only  possible  if  the  electro-optic  coefficients  for  TE-  and  TM  polarization  also 
differ  less  than  5%.  At  the  moment  this  seems  rather  difficult  and  therefore  we  propose 
dilated  schemes  in  case  crosstalk  values  below  -20dB  are  needed. 

m.  FABRICATION 

The  layer  stack  is  grown  by  low  pressure  metal  organic  vapor  phase  epitaxy  at  625°C 
on  a  2"  n+-type  (100)  InP  wafer.  Zn  is  used  as  p-doping  for  the  InP  top  layer  and  the  InGaAsP 
contact  layer. 

The  first  production  step  is  selective  removal  of  the  p"*"  InGaAsP  contact  layer,  exept 
in  the  active  regions,  by  wet  chemical  etching.  This  reduces  the  loss  of  the  passive 
waveguides.  A  120  nm  thick  Si02  layer  is  deposited  using  plasma  enhanced  chemical  vapour 
deposition.  Next  the  waveguide  pattern  is  defined  in  positive  photoresist  and  transferred  into 
the  Si02  layer  by  reactive  ion  etching  (RIE)  using  CHF3.  After  removal  of  the  photoresist, 
the  waveguides  are  etched  using  an  alternating  CH4/H 2-etching  and  02-descumming  RIE- 
process.  Dry  etching  of  p-n  junctions  in  an  H2-surrounding  causes  passivation  of  acceptors 
which  results  in  high  leakage  currents  6.  The  acceptors  are  reactivated  during  the  annealing  of 
the  contacts.  On  top  of  the  etched  waveguides  the  Ti/Pt/Au-contacts  are  deposited  by  lift-off 
using  image  reversal  photo  resist.  Finally,  the  active  regions  are  passivated  with  cured 
polyimide. 

IV.  MEASUREMENT  RESULTS 

Fig.  4  shows  typical  switching  curves  for  TE  and  TM  polarization  at  a  wavelength  of 
1540  nm.  The  crosstalk  values  for  the  cross  and  the  bar  state  are  respectively  -14  dB  and  -17 
dB  for  TE  and  -14  dB  and  -12  dB  for  TM.  At  6.2V  reverse  bias  the  switch  acts  polarization 
independent  with  a  crosstalk  of  -12  dB.  Without  applying  a  reverse  bias  voltage  the  switches 
are  in  the  cross  state.  Light  is  coupled  in-  and  out  of  the  waveguides  by  (50x)  microscope 
objectives.  The  switching  characteristics  are  measured  with  an  automated  setup  which  varies 
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the  reverse  bias  voltage  via  probe  needles  on  a  contact  pad  and  records  the  transmission  of 
one  of  the  two  outputs  selected  by  a  slit  diafragm  in  front  of  the  detector.  Using  the  substrate 
as  back  contact,  grounding  the  second  top  contact  has  no  influence  on  the  switching  curves 
which  proves  that  the  gaps  in  the  waveguides  provide  sufficient  electrical  isolation. 

Loss  values  are  obtained  using  the  Fabry-Perot  resonance  technique.  Waveguide  losses 
for  TE-  and  TM-polarization  are  1  dB/cm  and  2  dB/cm,  respectively.  This  is  an  increase  of 
less  than  0.5  dB/cm  with  respect  to  an  undoped  film  layer.  Excess  losses  of  the  switches, 
determined  from  transmission  measurements  with  respect  to  a  straight  waveguide,  are 
typically  3  dB  for  TE-  and  5  dB  for  TM-polarization. 

V.  CONCLUSIONS 

We  have  developed  a  polarization  insensitive  InGaAsP/InP  Mach-Zehnder  switch  in  a 
layer  stack  similar  to  layer  stacks  used  for  the  production  of  phased  arrays'^  and  polarization 
splitters  8  which  eases  the  integration  of  these  components.  N-doping  of  the  film  layer 
increases  the  polarization  independent  carrier  induced  effects  and  hardly  (<  0.5  dB/cm) 
increases  the  waveguide  losses.  Because  of  the  small  tolerance  (<5%)  in  the  switching  voltage 
it  is  hard  to  realize  a  single  polarization  independent  Mach-Zehnder  switch  with  a  crosstalk 
better  than  -20  dB.  At  the  price  of  increased  size  the  crosstalk  can  however  easily  be 
improved  by  a  factor  of  two  using  a  dilated  scheme. 
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Fig.  1 :  Layout  of  the  electro-optical 
Mach-Zehnder  switch. 
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Fig.  2:  Cross-section  of  the  layer  stack 
showing  materials,  dimensions 
and  doping  concentrations. 


Reverse  Bias  (V) 

Fig.  3:  Theoretical  switching  curve,  assum¬ 
ing  only  lineair  e.o.  effects,  showing 
a  switching  voltage  tolerance  of  5% 
at  a  crosstalk  value  of  -30dB. 


Reverse  Bias  (V) 


Fig.  4:  Switching  curves  of  the  bar-  and 
cross  output  ports  at  a  wavelength 
of  1540nm  for  TE-  (solid)  and 
TM-polarization  (dotted). 
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Generation  of  ultra-high  frequency  laser  pulses  has  enormous  impact  to  many  areas  in 
science  and  engineering.  Two  common  approaches  are  gain  switching  and  mode-locking.  The 
frequency  in  former  is  intrinsically  limited  by  the  carrier  relaxation  frequency  which  is  typically 
about  100  GHz  [1].  The  frequency  in  latter  is  primarily  determined  by  the  laser  cavity  length,  and 
currently  is  350  GHz  in  mode-locked  edge  emitting  lasers  [2]  and  6  GHz  for  polarization  switching 
vertical  cavity  surface-emitting  laser  (VCSEL)  where  the  cavity  length  is  limited  by  the  thickness  of 
a  quarter  wave  plate  [3].  In  this  paper,  we  propose  polarization-switching  VCSELs  that  can  have  a 
tunable  oscillation  frequency  as  high  as  several  terahertz.  The  substantial  increase  in  frequency 
comes  from  using  a  new  quarterwave  plate  made  of  an  amorphous-silicon  subwavelength 
transmission  grating  that  is  only  one-third  of  the  wavelength  thick.  The  frequency  tuning  is 
provided  by  fabricating  the  waveplate  and  a  mirror  monolithically  on  a  movable  microcantilever. 


RO  LO 


Figure  1.  Schematic  of  an  ultra-high  frequency  polarization  switching  VCSEL  using  a 
subwavelength-grating  quarter-wave  plate. 
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As  depicted  in  Fig  1,  a  polarization-switching  VCSEL  has  an  external  cavity  consisting  of  a 
conventional  VCSEL,  a  partial  reflector  (PR),  and  a  quarter-wave  plate  (QWP)  between  the 
VCSEL  and  the  PR.  The  VCSEL  can  lase  in  two  orthogonal  modes  that  are  linearly  polarized  in  the 
two  <01 1>  crystal  directions  of  the  semiconductors.  The  axis  of  the  quarter- wave  plate  is  placed 
45  degrees  from  the  <01 1>  crystal  direction.  A  linear  polarized  laser  beam  first  comes  out  the 
VCSEL  and  passes  through  the  QWP  becoming  circularly  polarized  (say,  right-hand  circularly 
polarized,  RHCP).  Then  a  part  of  the  RHCP  light  is  reflected  back  by  the  PR  becoming  left-hand 
circularly  polarized  (LHCP)  and  traveling  back  to  the  VCSEL.  The  reflected  LHCP  light  becomes, 
after  passing  through  the  QWP,  linearly  polarized  in  the  direction  orthogonal  to  the  polarization  of 
the  initial  beam  coming  out  of  the  VCSEL.  When  the  orthogonal  polarized  wave  is  injected  into  the 
VCSEL  cavity,  it  will  force  the  laser  to  switch  into  the  new  polarization  direction.  As  the  process 
continues,  the  polarization  of  the  laser  and  the  output  of  the  external  cavity  oscillate  between  the 
two  orthogonal  directions.  The  period  of  the  oscillations  is  equal  to  two  round-trip  time  of  the 
external  cavity. 


m 


Figure  2.  (a)  The  phase  retardation  between  TE  and  TM  waves  (zeroth  order).  The  dots  are 
the  measured  and  the  lines  are  the  simulation,  (b)  Transmission  ratio  of  TM  and 
TE  waves  (zeroth  order).  The  dots  are  the  measured  and  the  lines  are  the  simulation. 


To  increase  the  oscillation  frequency,  the  cavity  length  must  be  reduced.  This  is  achieved 
by  using  a  new  QWP  made  of  amorphous  Si  subwavelength  gratings.  The  dielectric  constant  of  the 
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gratings  in  the  direction  parallel  to  the  grating  fingers  is  significantly  larger  than  that  normal  to  the 
grating  fingers.  This  leads  to  a  colossal  birefringence  that  is  over  two  orders  of  magnitude  higher 
than  that  in  a  typical  natural  birefringence  crystal,  therefore  a  quarter  wave  plate  of  over  two  orders 
of  magnitude  thinner.  Fig.  2  shows  transmissions  and  phase  difference  for  TE  (the  polarization 
parallel  to  the  grating  finger)  and  TM  waves  in  a  set  of  amorphous  Si  subwavelength  gratings  of 
240  nm  thick,  specially  designed  for  850  nm  VCSELs.  As  the  grating  period  is  less  than  that  0.4 
jim,  the  gratings  become  good  quarterwave  plates.  In  case  of  a  typical  natural  birefringence  crystal, 
a  zero  order  quarterwave  shift  would  require  a  thickness  of  about  0.2  mm. 


Cavity  Length  (|im) 

Figure  3.  Oscillation  frequency  of  a  polarization-switched  VCSEL  vs.  the  total  cavity  length. 

The  maximum  modulation  frequency  can  be  estimated  from  the  minimum  external  cavity 
length  (Fig.  3).  Using  the  subwavelength  QWPs,  the  total  cavity  length  can  be  reduced  to  5  |xm, 
and  for  a  refraction  index  of  1.5,  this  leads  to  a  the  modulation  frequency  of  10  THz.  Another 
frequency  limiting  factors  such  as  laser  gain  spectral  width  and  photon  lifetime,  which  seem  not  to 
pose  serious  problems  until  the  frequency  over  10  THz,  will  be  discussed.  The  waveplate  and  a 
mirror  will  be  fabricated  monolithically  on  a  movable  microcantilever  to  tune  the  cavity  length  and 
therefore  the  modulation  frequency. 
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Optical  interconnections  in  combination  with  low-temperature  system  operation  provide  an 
opportunity  for  enhanced  performance  of  advanced  bigb-speed,  bigb-density  electronic  computing, 
imaging,  and  communication  systems  [1].  Furthermore,  optical  interconnects  provide  low  thermal 
loading  on  the  cryostat.  Vertical-Cavity  Lasers  (VCLs)  represent  a  promising  approach  for  low 
temperature  optical  interconnect  applications,  because  of  their  potential  for  low  cost  manufacture  in 
arrays,  their  desirable  optical  properties,  and  superior  performance  achievable  at  cryogenic 
temperatures  [2,  3].  The  potential  of  VCLs  in  cryogenic  high-speed  optical  links  has  been 
demonstrated  [3, 4],  but  the  required  drive  powers  at  low  optical  output  power  (0.1-0.2  mW)  have 
still  been  higher  than  desired. 

In  this  paper  we  report  a  VCL  that  has  been  designed  for  low  power  (Pout  =  0. 1-0.2  mW)  optical 
interconnect  applications  at  77  K.  The  low  power  design  also  enables  the  device  to  operate  over 
the  entire  range  from  77  to  300  K,  an  important  characteristic  for  many  applications.  Thus,  the 
design  is  superior  to  previously  published  results. 


The  VCLs  are  bottom-emission  index-guided  lasers  that  incorporate  a  dielectric  aperture  for 
current  constriction  (Fig.l).  The  MBE  grown  structure  consists  of  a  22.5-period  n-doped 
Alo.9Gao.1As/Ga As  quarter-wave  DBR,  a  2X.-cavity  formed  by  a  5/4X  n-GaAs  intracavity  contact 

layer  and  an  Alo.2Gao.8As-GaAs-Ino.2Gao.8As 


separate  confinement  active  region,  p-doped 
intracavity  contact,  and  a  28-period  undoped 
Alo.9Gao.1As/GaAs  quarter-wave  DBR.  The 
n-type  contact  layer  is  incorporated  into  the 
structure  for  the  future  realization  of  double 
intracavity  contact  scheme  and  is  not  used  in  the 
present  work.  The  p-doped  contact  includes  a 
X/4  Alo.98Gao.02As/AlAs  current  constriction 
layer  and  a  3/4X  GaAs  intracavity  contact 
layer.  The  processing  includes  self-aligned 
double-mesa  etching  [5]  and  lateral  oxidation 


Fig.l.  Schematic  cross-section  of  the  bottom-  Step  to  form  the  current  constriction 


emission  VCL  with  oxide-defined  current  constriction  aperture[6]. 


aperture. 


Figure  2  shows  the  light  and  voltage  versus  current  characteristics  for  a  6  |im  diameter  VCL  at 
several  temperatures.  The  threshold  of  130  |iA  (fth  =  460  A/cm^)  is  achieved  at  the  design 
temperature  (77  K),  but  the  device  still  operates  CW  up  to  300  K  with  a  threshold  below  1  mA.  At 
room  temperature  the  wavelength  of  the  resonant  cavity  mode  is  45  nm  shorter  than  the  wavelength 
of  the  maximum  gain  corresponding  to  the  transition  between  the  first  electron  and  heavy  hole 
subbands  of  the  QW  at  low  pumping  levels.  When  the  pumping  level  is  increased  the  gain 
spectrum  widens  and  the  shoulder  corresponding  to  the  transition  between  the  second  subbands  of 
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the  QW  appears  on  the  short  wavelength  wing  of  the  spectra.  The  alignment  of  the  cavity  mode 
with  this  second  maximum  provides  enough  gain  for  the  low  temperature  optimized  VCL  to 
operate  at  300  K.  Threshold  current  as  a  function  of  temperature  for  various  device  diameters  is 
shown  in  Fig.3.  The  lowest  thresholds  are  observed  at  77  K  in  agreement  with  the  design.  The 
lowest  threshold  current  density  (265  A/cm^)  is  measured  for  a  12  |a.m  diameter  device. 


Fig. 2.  The  L-I  and  I-V  characteristics  of  a  6-[Xm 
diameter  VCL  at  different  temperatures. 


Fig.3 .  Threshold  current  as  a  function  of  tempe- 
ratureture.  The  diameters  of  the  devices  are  shown. 


Single-mode  operation  of  VCLs  is  necessary  for  free-space  optical  interconnect  applications. 
However,  dielectric-apertured  VCLs  tend  to  be  multimode  even  for  relatively  small  (3-4  p.m) 
device  diameters  [7].  Thus,  we  made  use  of  the  natural  mode-selective  loss  that  occurs  in  the 
etched-pillar  structures  by  only  oxidizing  to  the  edge  of  the  pillar.  This  results  in  a  slight  increase 
in  the  threshold  current,  but  it  provides  single-mode  operation  for  all  bias  levels  in  a  6-(xm  diameter 
VCL.  Spectral  characteristics  of  a  6-|Lim  diameter  VCL  measured  for  the  different  bias  levels  up  to 
38  times  Ith  at  77  K  are  shown  in  Fig.4.  In  fact,  with  this  design  6-|i.m  diameter  devices  operate 
single-mode  over  the  entire  temperature  range  (77-300  K)  and  for  all  measured  bias  levels. 


Fig.4.  Spectra  of  a  6-|xm  diameter  VCL 
at  77  K. 


Fig.5 .  Dissipated  power  as  a  function  of  measured 
temperature  for  several  output  power  levels 
for  6  (squares)  and  8  (dots)  |im  diameter  VCLs 


The  VCL  design  (single  QW  active  and  22.5  periods  of  output  coupler)  was  optimized  for  an 
output  optical  power  level  of  0. 1-0.2  mW.  Fig.5  shows  the  power  dissipation  as  a  function  of 
temperature  at  these  power  levels  for  6-  and  8-  |J.m  diameter  VCLs.  At  the  optimum  temperature 
(77  K),  the  power  dissipation  for  the  single-mode  6  (xm  diameter  device  is  0.6  mW  at  threshold, 
1.4  mW  for  Pouf  =  0.1  mW,  and  2.6  mW  for  Pout  =  0.2  mW.  The  low  power  dissipation  at  77  K 
is  achieved  due  to  the  reduction  of  threshold  current.  However,  it  could  be  further  improved  by 
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adjusting  the  composition  and  doping  profiles  of  the  p-type  contact  and  utilization  of  a  double 
intracavity  contact  scheme  to  lower  the  operation  voltage. 

In  summary,  we  have  designed  and  fabricated  dielectrically  apertured  VCLs  optimized  for 
operation  at  cryogenic  temperatures.  6-pm  diameter  VCLs  with  relatively  low  threshold  currents 
-130  |iA,  1.5  mW  of  single-mode  output  power,  and  total  power  dissipation  of  1.4  mW  for  optical 
output  of  0. 1  mW  at  77  K  are  demonstrated.  Operation  up  to  300  K  with  submilliamp  thresholds 
is  also  demonstrated  in  the  same  devices.  By  using  smaller  oxide  aperture  diameters  further 
reduction  in  threshold  currents  can  be  achieved  at  the  expense  of  poorer  side-mode  suppression. 

The  authors  would  like  to  acknowledge  the  support  of  SBRC/Hughes  via  the  UC-MICRO 
program. 
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INTRODUCTION 

Focusing  waveguide  grating  couplers  (FWGCs)  play  important  roles  in  many  integrated- 
optic  devices,  such  as  the  integrated-optic  disk  pickup  devicef'^  Such  a  FWGC  can  be  evaluated 
in  terms  of :  (i)  coupling  efficiency  as  a  grating  coupler  and  (ii)  focusing  performance  as  a  focus¬ 
ing  lens.  Fabrication  of  diffraction-limited  focusing  waveguide  grating  couplers  by  electron- 
beam  lithography  has  been  previously  reported  by  other  researchers^^l.  However,  high  focusing 
performance  as  well  as  high  coupling  efficiency  is  of  great  importance  for  obtaining  high  signal- 
to-noise  ratio  in  a  practical  device.  The  coupling  efficiency  theoretically  obtained  so  far  is 
around  60%  when  using  a  buffer  layer  reflector^^f  The  other  possible  method  to  achieve  higher 
efficiency  is  to  utilize  a  multi-layered  high-reflectivity  dielectric  stack^^],  providing  a  radiation 
directionality  of  greater  than  95%.  In  this  paper,  a  high  efficiency  focusing  waveguide  grating 
coupler  using  a  new  waveguide  grating  structure  is  proposed,  designed  and  fabricated  by  direct- 
write  electron  beam  lithography. 

DESIGN 

Principles  We  are  concerned  with  a  focusing  waveguide  grating  coupler.  It  is  well  known  that 
locally  any  grating  coupler  can  be  treated  as  a  plane,  uniform  grating  coupler  that  can  be  fully 
described  by  the  grating  pitch  and  groove  direction.  Based  on  this  consideration,  a  focusing 
waveguide  grating  coupler  can  be  treated  as  one  which  consists  of  several  uniform  sub-gratings 
each  of  which  corresponds  to  a  given  pitch  A  =  A(y,z).  Thus  the  perturbation  method  developed 
for  a  uniform  grating  coupler  can  be  used  to  deal  with  each  sub-grating  that  forms  one  part  of  a 
chirped  and  curved  grating  coupler. 

A  new  structure  for  the  grating  coupler  with  parallelogramic  groove  profilesb^’^]  is  shown  in 
Fig.  1 .  The  parallelogramic  shape  is  etched  into  both  layers  simultaneously.  Such  a  waveguide 
grating  system  can  be  treated  as  a  five-layered  waveguide  structure.  However,  based  on  the  gen- 
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eralised  volume-average  method  by  W.  Streifer  et  a  double-layered  grating  coupler  with 
index  and  depth  (ng,  gi),  and  (nad,  g2)  for  each  layer,  can  be  reduced  to  a  single-layered  wave¬ 
guide  grating  coupler  with  an  equivalent  index  value.  Based  on  the  above,  computer  simulations 
shows  that  the  proposed  structure  has  two  main  advantages :  ( 1 )  both  large  radiation  decay  factors 
and  high  directionality  are  achievable;  (2)  a  wide  range  of  radiation  decay  factors  is  conveniently 
available  by  varying  the  thickness  of  the  additional  grating  layer. 


Fig.  1 :  Proposed  structure  for  a  focusing  grating  coupler  with  pa- 
rallelogramic  profiles  (a)  and  its  squared  refractive  index  (b).  The 
grating  is  etched  into  both  additional  layer  and  guiding  layer. 


FWGC  parameters  :  Laser-to-grating  waveguide  distance  r  =  10.50mm.  FWGC  working 
distance  WD  =  2.00mm,  FWGC  aperture  L  =  1 .00mm,  focal  length  f  =  1 .56mm.  Central  output 
angle  6o=  15°.  Laser  wavelength  X=l.  30pm. 

Waveguide  parameters  :  The  grating  design  is  based  on  silica  waveguide  technology  devel¬ 
oped  under  the  “SOPHI”  project  funded  by  the  EPSRC  and  Department  of  Trade  and  Industry, 
UK.  The  buffer  layer  is  Si02  with  nb=  1.460,  tb=  10.0pm,  and  the  guiding  layer  is  arseno-silicate 
glass  (ASG)  with  ng=  1.492,  t=2.0pm.  The  effective  index  of  guided  mode  (TEq)  Neff=  1. 474; 
the  grating  pitch  A  =  1 .289  ^  0.877pm;  the  grating  total  thickness  g  =  0.40pm,  the  blaze  angle  0b 
=  45°;  the  SiN  layer  has  a  thickness  of  g2  =  0.17pm.  The  theoretical  directionality  obtained 
here  is  95.  1%,  while  the  coupling  efficiency,  q,  is  90.  7%,  about  30%  higher  than  that  obtained 
previously[0. 

FABRICATION 

To  achieve  high  coupling  efficiency,  a  large  radiation  decay  factor  is  desired.  In  our  device  a 
high  index  SiN  thin  film  (nad=l  •  78,  g2=0.  17pm)  is  sputter-deposited  on  top  of  the  waveguide 
structure.  E-beam  direct  writing  was  used  to  pattern  the  focusing  grating.  The  e-beam  resist 
(950PMMA  CS)  was  spin-coated  on  top  of  the  waveguide  sample  at  6000rpm  for  40  seconds, 
forming  a  thickness  of  0.  30pm.  After  soft  baking  at  170°C  in  an  oven  for  60  minutes,  the  sample 
was  directly  transferred  to  an  evaporator.  A  thin  A1  layer  (about  7nm)  is  evaporated  on  top  of  the 
PMMA  in  order  to  avoid  charging  problems  during  e-beam  writing  on  the  waveguide  structure. 
Before  conventional  development,  the  thin  A1  layer  is  removed  in  photoresist  developer 
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(MF3 19).  An  e-beam  energy  of  20KeV,  a  beam  current  of  2.0nA  and  a  dose  of  300[xC/cm^  was 
used  to  expose  the  pattern.  To  achieve  high  addressing  accuracy  and  reduce  pattern  distortion,  the 
grating  pattern  was  written  with  stitched  field  of  0.4mm  X  0.4mm  having  a  grid  size  of  12.5nm. 
Fig.2  shows  an  SEM  picture  of  the  resist  profiles  for  fabrication  of  the  focusing  grating  coupler. 


0037  9  4  10.8kV  X8 , 0  0k'  *3  ; 


Fig.  2:  SEM  picture  of  resist  profiles 
of  a  focusing  grating  coupler 
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Fig.  3;  SEM  picture  of  cross  section  of  fabricated 
focusing  grating  coupler  in  SiN/ASG  layer. 


To  fabricate  a  grating  with  parallelogramic  groove  profiles,  a  metal  grating  is  required  as  a 
mask  layer  for  transferring  the  grating  pattern  onto  the  waveguide  structure  during  etching.  The 
metal  grating  is  prepared  using  the  lift-off  process.  An  oxygen  plasma  descum  was  carried  out  to 
remove  traces  of  organic  residue  in  the  exposed  resist  pattern.  This  ensures  good  adhesion  of  the 
metal  grating  lines  to  the  substrate  and  guarantees  that  the  lift-off  process  is  successful.  After 
lift-off,  a  metal  mask  is  formed  only  over  the  exposed  grating  regions.  Therefore,  a  metal  mask 
with  an  open  grating  window  (1mm  X  1mm)  needs  to  be  defined  by  conventional  photolithogra¬ 
phy  and  lift-off  in  order  to  define  the  FWGC  aperture.  Finally,  the  metal  grating  pattern  is  trans¬ 
ferred  onto  waveguide  structure  by  an  oblique  reactive  ion  etching  processt^’^h  In  our  device,  the 
grating  is  fabricated  on  both  SiN  layer  and  ASG  guiding  layer.  The  following  processes  were 
employed  :  a  CF4  plasma  was  used  to  etch  the  SiN  and  then  a  CF3H  plasma  was  used  to  etch  the 
ASG.  Fig.3  shows  an  SEM  picture  of  the  cross  section  of  the  fabricated  device. 


RESULTS 

The  focused  spot  is  magnified  by  a  microscope  objective  (20  X)  and  detected  by  an  IR  CCD 
camera.  The  CCD  image  and  the  intensity  profiles  of  the  focused  spot  are  illustrated  in  Fig.4  and 
Fig.5,  from  which  the  spot  size  (FWHM)  is  determined  to  be  9.52pm. 

To  measure  the  radiation  directionality  of  the  fabricated  device,  a  focusing  waveguide  grating 
coupler  with  complementary  blaze  angle  was  prepared  as  above.  This  complementary  FWGC 
should  be  exact  the  same  as  the  original  FWGC  device  except  for  the  blaze  angle,  which  is  given 
by  18O-0B.  Based  on  theoretical  calculations,  the  directionality  can  be  determined  by 

= - ^cl — 
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Fig.  4:  The  CCD  image  of  focused 
spots  produced  by  the  fabricated 
focusing  grating  coupler. 


Fig.  5:  Normalized  intensity  profile  of  focusing 
spot  produced  by  the  fabricated  focusing  wave¬ 
guide  grating  coupler.  The  focused  spot  size 
(FWHM)  is  determined  to  be  9.52pm. 


where  Pd  and  Pc2  are  the  radiation  powers  into  cladding  measured  from  the  FWGC  and  the  com¬ 
plementary  FWGC,  respectively.  The  parameter  x  is  a  theoretically  determined  coefficient  that 
depends  on  the  waveguide  structure  and  the  experimental  setup.  In  our  device  xf=«0.5,  and  the 
absolute  error  in  determining  the  directionality  is  expected  to  be  within  2%  for  the  blaze  angle 
ranging  from  25°  to  55°.  By  this  method,  the  directionality  of  the  fabricated  devices  is  measured 
to  be  9 1 .2  %.  In  addition,  a  uniform  grating  coupler  with  pitch  of  1 . 0pm  was  fabricated  together 
with  the  FWGC  and  the  complementary  FWGC.  From  the  intensity  profiles  of  the  radiation 
beam,  the  radiation  decay  factor  of  the  uniform  grating  coupler  is  estimated  to  be  28.3cm“'. 
Therefore  the  coupling  efficiency  of  the  FWGC  is  estimated  to  be  85.6%. 


CONCLUSIONS 

Focusing  waveguide  grating  couplers  using  parallelogramic  groove  profiles  have  been  suc¬ 
cessfully  fabricated  by  electron  beam  lithography.  A  directionality  of  greater  than  90%  was  ob¬ 
tained  and  coupling  efficiency  of  85.6%  determined.  Although  the  focused  spot  size  (FWHM) 
obtained  was  around  1 0pm  due  to  fabrication  and  alignment  errors,  it  has  been  demonstrated  that 
high  coupling  efficiency  can  be  achieved  with  the  proposed  FWGC  structure. 
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Introduction 


Waveguide  coupling  gratings  are  bound  to 
be  widely  used  in  future  integrated-optic 
devices  and  microsystems.  However,  the 
problem  of  grating  coupling  efficiency  has 
not  received  a  convincing  and  practicable 
solution  so  far.  The  main  reason  is  that 
light  radiation  into  a  medium  with  lower 
refractive  index  /ic  (air,  for  instance)  is 
always  accompanied  by  light  radiation  into 
the  medium  with  larger  refractive  index 
(substrate).  The  relative  intensity  of  the 
radiation  into  the  substrate  is  rts/tic  or  more. 
It  is  known  that  only  coupling  at  an  angle 
larger  than  critical  provides  high  excitation 
efficiency;  but  this  solution  is  difficult  to 
implement  in  practice.  Therefore  the 
problem  of  unidirectional  coupling,  which 
has  been  constantly  addressed  during  the 
last  20  years,  remains  very  actual. 
Recently,  a  new  and  promising  solution  to 
this  problem  was  proposed  by  M. 
Matsumoto  [1]  and  by  M.  Li  and  S.Y. 
Sheard  [2].  They  consider  light  propagation 
in  a  waveguide  having  a  grating  with  a 
parallelogram  groove  shape  and  obtain  a 
definite  "blazing  effect",  i.e.  unidirectional 
light  outcoupling  from  a  waveguide. 

An  experiment  [3]  confirmed  the 
theoretical  results  of  [2].  The  cited  papers 
deal  only  with  TE  polarized  light  and  the 
considered  waveguide  structures  have 
small  guidance.  Grating  coupling  to/from 
weak  guidance  waveguides  is  however  of 
little  practical  interest  since  the  inherently 
small  grating  radiation  coefficient  imposes 
very  long  gratings  for  a  significant  power 


ratio  to  be  coupled  in/out.  We  are 
presenting  here  new  results,  which  also 
consider  TM  polarization,  on  large 
guidance  waveguides  which  are,  and  will 
be,  the  most  often  used  structures  in 
practical  applications  such  as  displacement 
encoders  and  biological  sensors  for  non- 
labelled  species  [4].  In  such  large  guidance 
structures,  the  blazing  effect  of  paralle¬ 
logramic-shape  grooves  can  not  be 
achieved  with  grooves  defined  within  the 
waveguide  film  since  the  grooves  are 
necessarily  very  shallow  (a  few  nanometers 
as  in  biochemical  sensors  [4]).  It  is 
therefore  necessary  to  consider  a  4-layer 
structure  where  the  parallelograms  are 
defined  in  a  low-index  film  deposited  on 
the  waveguide  film  as  illustrated  in  Fig.  1 . 
This  work  is  part  of  a  collaborative  effort 
on  grating  coupling  within  BRITE  project 
FOA. 


Figure  1.  Parallelogramic  grating  loaded 
slab  waveguide 


Theoretical  treatment 
and  calculation  results 
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For  computer  analysis  of  periodical 
waveguide  structures,  we  use  the  R-T 
matrix  method  [5].  In  this  method,  the 
grating  region  is  represented  in  the  form  of 
an  stack  of  thin  layers.  We  calculate  the 
diffraction  R-T  matrix  for  each  thin  layer 
grating  using  a  Rayleigh-Fourier  technique 
[6].  We  then  combine  all  R-T  matrices  in 
order  to  get  the  diffraction  R-T  matrix  of 
the  whole  grating.  This  method  is  valid  for 
deep  gratings  with  arbitrary  groove  shapes. 
We  first  analyze  the  waveguide  structure 
described  in  [2].  The  comparison  of  our 
results  with  those  of  [2]  confirms  the  good 
agreement  between  the  two  methods.  The 
TM  mode  analysis  reveals  a  very  similar 
blazing  effect.  A  maximum  radiation 
coefficient  contrast  is  obtained  for  a  blazing 
angle  of  30°  for  near  to  normal  radiation. 

We  consider  next  the  case  of  a  high 
guidance  structure.  The  refractive  index  of 
the  single  mode  waveguide  is  rif  =  2.1, 
substrate  (silica)  refractive  index  is  = 
1.457.  The  grating  is  formed  in  the  same 
material  as  the  substrate  «g  =  1.457,  the 
waveguide  is  covered  with  water,  tic  =  1.33. 
The  incidence  of  light  is  from  the  substrate 
at  the  angle  0  =  -10°.  This  structure  is 
typical  for  an  evanescent  wave  biosensor. 
We  first  calculated  the  angular  dependence 
of  the  radiation  coefficient  for  two  different 
groove  depths  for  both  TE  and  TM  modes, 
again  with  incidence  from  the  substrate. 
These  are  presented  in  Fig.  2. 

We  can  see  that  the  blazing  effect  also 
exists  in  the  case  of  high  waveguide 
refractive  index  difference.  Fig.  3a  shows 
the  calculated  radiation  loss  coefficient  of 
the  TE  mode  versus  groove  depth  in  the 
condition  of  maximum  coupling  into  the 
substrate  and  cover. 


Tilt  angle  (degrees) 


Figure  2a.  Total  radiation  coefficient  (plein) 
and  its  part  due  to  the  radiation  into  the 
substrate  (void);  TE  mode; 

♦  -r/=0.15  nm,  M-d=0.25  p,m. 


Tilt  angle  (degrees) 


Figure  2b.  Total  radiation  coefficient  (plein) 
and  its  part  due  to  the  radiation  into  the 
substrate  (void);  TM  mode; 

♦  -  0.15  |am,  ■-  d=  0.25  |xm. 

In  contrast  with  the  case  of  [2],  the  radiation 
loss  coefficient  in  the  present  large 
guidance  structure  exhibits  a  saturation 
effects  which  starts  at  d  =  0.2  |im  in  our 
structure.  The  reason  for  this  is  clear  if  we 
realize  that  the  mode  field  in  the  considered 
structure  decreases  sharply  in  the  grating 
region.  Unidirectionality  can  be  appreciated 
by  defining  the  ratio  v  of  the  radiation 
coefficient  into  the  cover  ttc  at  the  optimum 
blazing  angle,  relative  to  the  total  radiation 
loss  coefficient  a.  v  =  1  corresponds  to 
complete  single-sided  radiation  into  the 
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cover.  Fig.  3b  represents  v  versus  the 
grating  depth.  As  expected,  v  does  saturates 
but,  in  the  case  of  TE  mode  radiation  in  the 
cover,  V  does  not  reach  1 .  The  condition  of 
fully  single-sided  radiation  is  very  little 
dependent  on  d  as  from  d  =  0.15  |im. 

We  can  conclude  that  parallelogramic 
grating  in  and  out  coupling  to/from  large 
guidance  waveguide  is  very  tolerant  on  the 
grating  depth  in  the  saturation  region,  and 
essentially  depends  on  the  groove  angle. 


0.00  0.05  0.10  0.15  0.20  0.25  0.30  0.35 

Figure  3  a 


into  substrate 
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Figure  3b 


Earlier  in  [7],  a  detailed  study  of  a 
corrugated  waveguide  mode  excitation  by  a 
normally  incident  light  beam  was  made 
assuming  that  the  grating  has  a  symmetric 
groove  profile.  This  excitation  configuration 
is  of  obvious  practical  interest  but  its 
solution  must  take  in  account  second  order 
intraguide  resonance  between  the  two 
contrapropagating  excited  waveguide 
modes. 


0.33600  0.33605  0.33610 
Grating  period  (mkm) 


Figure  4.  Excitation  efficiency  of  the  TE 
waveguide  mode  under  normal  incidence 
from  the  substrate  for  a  groove  tilt  of  50^^ 
and  for  symmetrical  rectangular  grooves. 

In  the  case  of  parallelogramic  grooves,  the 
symmetry  is  broken  and  the  problem 
becomes  more  complicated.  The  reason  is 
that,  in  case  of  parallelogramic  grooves, 
radiation  loss  coefficients  and  intraguide 
resonance  coefficients  depend  on  mode 
propagation  direction.  Fig.  4  shows  the 
excitation  efficiencies  of  two  contradirected 
waveguide  modes  versus  grating  period  at 
fixed  tilt  angle  of  the  grooves.  The  grating 
length  L  is  equal  to  the  exciting  beam 
diameter  2wo  =  2.4  mm.  It  is  clear  that  one 
can  still  find  the  grating  period  at  which 
Gaussian  excitation  efficiency  in  the 
preferred  direction  is  maximum.  The 
difference  between  excitation  in  the  two 
directions  is  due  to  the  same  blazing  effect 
of  the  grating  and  thus  depends  on  the  tilt 
angle.  As  a  qualitative  conclusion  about 
normal  incidence  coupling  by  means  of  a 
parallelogramic  grating,  it  can  be  said  that 
the  unidirectional  feature  is  still  present 
but  it  is  only  slightly  degraded  by  the 
existence  of  second  order  intra-guide 
coupling.  Therefore  no  particular  care  must 
be  taken  to  avoid  a  normal  incidence 
condition. 
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The  choice  of  the  tilt  angle  for  the  blazing 
effect  is  thus  very  important  in  the  design  of 
a  waveguide  coupling  device.  We  have  just 
revealed  that  the  angle  is  actually  the  only 
parameter  that  determines  the  coupler 
operation  in  the  case  of  large  guidance 
structures.  The  authors  of  [2]  propose  to  use 
K.  Chang  and  T.  Tamir  approach  [8]  for  the 
determination  of  the  groove  angle. 
According  to  this  approach,  in  a  waveguide 
structure  where  a  grating  is  considered  as  a 
layer  with  an  average  refractive  index,  the 
blazing  condition  is  realized  when  a 
diffracted  waveguide  mode  is  reflected  at 
the  Bragg  condition.  The  authors  of  [2] 
report  that  this  relation  is  correct  for  a 
structure  of  low  guidance.  In  our  large 
guidance  case,  their  formula  does  not  give  a 
very  accurate  estimate.  However,  we  have 
shown  that  the  proposed  relation  can  be 
used  as  an  initial  guess  for  the  tilt  angle. 

Conclusion 

In  conclusion,  we  have  completed  the 
analysis  of  unidirectional  coupling  in  low 
index  waveguide  by  means  of 
parallelogramic  grating  in  showing  that  a 
significant  blazing  effect  is  obtainable  for 
the  TM  polarization  also.  The  same 
unidirectionality  feature  is  shown  to  be 
obtainable  in  the  more  practical  case  of 
large  guidance  waveguides  by  means  of  a 
loaded  parallelogramic  grating.  In  large 
guidance  structures,  the  condition  for  high 
efficiency  unidirectional  coupling  is  shown 
to  be  largely  independent  of  the  grating 
groove  depth.  This  renders  the  paralle¬ 
logram  groove  solution  especially 
interesting  practically.  Second-order  intra¬ 
guide  resonance  in  the  case  of  normal 
incidence  is  shown  to  slightly  deteriorate 
the  unidirectionality. 

Experimental  results  on  large  guidance 
waveguide  for  biosensors  will  be  reported  at 
the  conference. 
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Transformation  of  modal  properties  through  axial  tapering  of  the  structure  of  a  dielectric 
waveguide  is  useful  in  several  contexts.  Mode  size  transformation  with  a  tapered  waveguide  allows 
independent  optimization  of  the  mode  size  in  different  portions  of  a  waveguide  to  simultaneously 
achieve  effective  input  and  output  coupling  and  for  efficient  performance  of  active  or  electrooptic 
devices.  An  adiabatic  taper  from  a  single  to  a  multimode  waveguide  also  allows  robust  coupling 
into  the  fundamental  mode  of  a  multimode  waveguide,  important  in  certain  types  of  nonlinear 
waveguide  devices,  such  as  difference  frequency  generators,  that  involve  interactions  between 
modes  at  widely  disparate  wavelengths.  Periodically-segmented  waveguides  (PSWs),  investigated 
both  theoretically b2, 3  and  experimentally^-S  in  the  literature,  allow  independent  control  over 
vertical  and  lateral  confinement,  and  thus  can  be  used  to  tailor  the  size  and  shape  of  waveguide 
modes.  In  this  paper  we  report  tapers  in  annealed-proton-exchanged  (APE)  waveguides  in  LiNbOs 
through  the  use  of  segmented  waveguides  with  axially  varying  duty  cycle. 

PSWs  consist  of  segments  that  repeat  with  a  period  A,  each  segment  consisting  of  a  region 
of  length  /  indiffused  with  a  dopant  to  produce  an  index  change  An,  separated  by  undoped 
regions.  Both  theoretical  and  experimental  investigations  in  the  literature  show  that  an  average 
index  model,  where  the  behavior  of  the  PSW  is  approximated  by  an  equivalent  waveguide  in 
which  the  effective  refractive  index  step  is  taken  to  be 

Aiieff  =  F  An  ,  (1) 

where  the  duty  cycle  F  =  l/A,  accurately  predicts  the  modal  properties  of  the  waveguide.  Nir  et  al. 
showed  that  under  appropriate  fabrication  conditions  the  propagation  losses  are  not  significantly 
increased  over  a  similarly  confining  uniform  waveguide.^  With  independently  controllable  optical 
confinement  in  both  width  (with  physical  width  and  segmentation  duty  cycle)  and  depth  (with 
segmentation  duty  cycle),  the  segmented  waveguide  with  axially  varying  duty  cycle  is  a  practical 
method  to  make  tapered  waveguides,  as  shown  in  Fig.  (1).  Another  major  advantage  of  PSWs  for 
tapers  is  that  they  can  be  integrated  with  essentially  any  existing  integrated-optic  device  without 
requiring  additional  lithography  or  diffusion  steps. 


input  coupling  tapered  multi-moded 

section  waveguide  section 

Fig.  1.  Tapered  waveguide  using  a  segmented  structure.  Both  the  input  coupling  section  and  the 
taper  are  made  from  periodically  segmented  waveguides.  Duty  cycle  and  waveguide  width  can  be 
modulated  simultaneously  to  optimize  the  device. 
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We  verified  the  reported  mode  and  loss  properties  of  PSWs  in  APE  LiNbOs  at  a  1.3  |xm 
wavelength.  The  results  for  samples  with  a  proton  exchange  depth  of  0.4  pm,  a  waveguide  width 
of  5  pm,  a  12  hour  anneal  at  333°C,  and  various  duty  cycles  and  segmentation  periods  are  shown 
in  Figs.  2.  Figure  2a  shows  the  measured  He  mode  full-width  vs.  duty  cycle  for  three  different 
segmentation  periods.  The  lines  on  the  graph,  calculated  based  on  the  average  index  model  of  Eq. 
(1)  with  transverse  refractive  index  distributions  calculated  from  the  fabrication  conditions 
according  to  the  model  obtained  by  Bortz,6.7  show  good  agreement  with  the  experimental  data. 
Figure  2b  shows  the  losses  vs.  duty  cycle,  measured  with  the  Fabry-Perot  technique.^  The  results 
show  that  the  waveguide  properties  do  not  depend  significantly  on  the  segmentation  period,  and, 
for  duty  cycles  sufficiently  large  that  the  effective  waveguide  is  not  close  to  cutoff,  the  loss  does 
not  increase  significantly  above  that  of  a  uniform  waveguide. 
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Fig.  2.  (a)  measured  1/e  full-width  power  mode  size  vs.  duty  cycle  (b)  measured  loss  vs.  duty 
cycle  for  three  segmentation  periods  (  5  pm,  10  pm,  and  20  pm ). 

We  chose  as  a  demonstration  a  taper  that  allows  robust  coupling  of  pump  radiation  (780 
nm)  into  the  fundamental  mode  of  a  highly-multimode  waveguide,  designed  for  near-degenerate 
difference  frequency  mixing  at  1 .56  pm.  For  the  main  waveguide,  we  used  the  APE-LiNb03 
waveguide  model  of  Ref.  7  to  choose  a  proton-exchange  depth  and  width  of  0.5  pm  and  5.5  pm, 
respectively,  and  annealing  time  of  9  hours  at  333°C,  giving  a  nominally  13  moded  waveguide  for 
the  pump.  The  full  device  consists  of  a  1.5  mm  long  single  mode  input  coupling  waveguide  with  a 
period  10  pm  and  a  duty  cycle  0.2,  followed  by  a  taper  region  in  which  the  duty  cycle  was 
gradually  increased  from  0.2  to  1,  with  a  linear  taper  function  r(z)  =  0.2  +  0.8  (z/Ljor  a 
concave  taper  function  r(z)  =  0.2  +  0.8  (z/Lp  (  where  z  is  the  distance  along  the  taper  and  L  is 
taper  length ),  followed  by  the  uniform  multimode  waveguide.  The  width  was  constant  throughout 
the  device.  Samples  fabricated  according  to  these  designs  were  tested  at  780  nm  for  spatial  mode 
profiles,  taper  losses,  mode  conversion  efficiency  ( defined  as  the  ratio  of  the  power  output  in  the 
fundamental  mode  to  the  total  output  power )  and,  dependence  of  output  mode  on  input  coupling 
conditions.  The  measured  spatial  profiles,  with  l/e  intensity  dimensions  of  the  fundamental  mode 
6.0  X  4.4  pm  in  the  input  coupling  sections  and  2.0  pm  x  1.3  pm  in  the  multi-mode  sections  (  with 
a  2.5  mm  long  concave  taper ),  are  shown  in  figure  3. 

To  measure  the  excess  loss  for  the  fundamental  mode  in  the  taper,  we  fabricated  1 1  mm 
long  straight  segmented  waveguides  with  and  without  back-to-back  tapers.  Both  of  these 
waveguides  are  single-mode  at  their  input  and  output  ends,  and  so  could  be  tested  by  the  Fabry- 
Perot  method.8  The  total  propagation  loss  of  the  straight  segmented  guide  was  1.1  dB  (1.0 
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dB/cm).  The  total  loss  for  the  segmented  waveguide  with  two  1  mm  long  concave  tapers  was  2.3 
dB.  Subtracting  the  losses  of  the  straight  sections  (assumed  the  same  as  in  the  waveguide  without 
tapers)  leaves  excess  loss  of  0.6  dB  for  each  of  the  1  mm  concave  tapers.  Similarly,  we  obtained 
excess  losses  1.5  dB  for  1mm  long  linaer  tapers  and  0.4  dB  for  2.5  mm  long  concave  tapers. 


(a) 


(b) 


Fig.  3.  Measured  mode  spatial  profiles  at  wavelength  780nm  (a)  in  the  input  coupling  section  (b)  in 
the  multi-moded  section.(  with  a  2.5  mm  long  cancave  taper  ).  Image  fields  are  11.7  |im  x  11.7 
)j,m. 

We  used  modal  interference  to  measure  the  mode  conversion  efficiency.  When  more  than 
one  mode  is  excited  in  the  waveguide,  the  output  intensity  distribution  is  determined  by  the 
coherent  sum  of  the  modal  fields  present  at  the  output  of  the  waveguide.  This  coherent  summation 
of  fields  ( rather  than  intensities  )  means  that  a  small  power  fraction  in  a  higher  order  mode  causes 
a  large  change  in  the  output  intensity  distribution.  To  quantify  the  fraction  of  the  power  in  the 
fundamental  mode,  we  observed  the  output  intensity  distribution  while  tuning  the  wavelength  of 
the  780  nm  diode  laser  used  to  excite  the  waveguide.  Wavelength  dependence  of  the  output 
intensity  distribution  results  from  the  difference  in  propagation  constants  of  the  fundamental  and 
higher  order  modes,  which  then  add  in  or  out  of  phase  with  each  other  as  the  wavelength  is  varied. 
Assuming  (as  predicted  by  simulations)  that  the  second  higher  order  width  mode  (i.e.  the  first  even 
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Fig.  4.  Output  intensity  profiles  resulting  from  modal  interference  for  two  different  wavelengths. 
Circles  are  measured  results;  solid  lines  are  curve  fits  for  0  and  %  relative  phases  between  the 
fundamental  and  first  allowed  high  order  transverse  modes  (a)  in  the  width  direction,  (b)  in  the 
depth  direction. 
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higher  order  width  mode)  and  the  first  higher  order  depth  mode  dominate  the  undesired  modal 
excitation,  the  observed  output  intensities  can  be  fit  with  respect  to  the  ratio  of  fundamental  mode 
to  higher  order  mode  power.  Figure  4  shows  the  measured  intensity  profiles  of  maximum  and 
minimum  widths  for  a  1  mm  concave  taper.  The  solid  lines  are  fits  for  0  and  K  relative  phases  of 
the  fundamental  and  higher  order  mode,  corresponding  to  mode  conversion  efficiencies  of  97%  in 
width  and  98%  in  depth,  resulting  in  95%  overdl. 

We  tested  the  sensitivity  of  the  output  intensity  distribution  to  the  input  coupling  conditions 
to  illustrate  that  the  filtering  action  of  the  input  coupling  region  prevents  launching  of  undesired 
modes.  Figure  5  shows  measured  output  intensity  distributions  observed  with  different  input 
coupling  conditions  for  a  waveguide  without  any  taper  and  one  with  a  1  mm  long  concave  taper. 
The  waveguides  were  moved  laterally  (shown)  and  vertically  about  1.7  |xm.  It  can  be  seen  that  the 
output  mode  mixture  for  the  waveguide  with  no  taper  is  highly  sensitive  to  input  coupling 
conditions,  while  the  mode  mixture  for  the  waveguide  with  the  coupling  taper  is  essentially 
independent  of  coupling  conditions. 


Fig.  5.  Measured  output  intensity  profiles  for  different  input  coupling  conditions  for  launching 
the  light  into  a  waveguide  (a)  straight  multimode  waveguide  (b)  multimode  waveguide  with  imput 
through  single  mode  section  and  cancave  taper.  In  this  example,  waveguides  are  moved  in  the 
width  direction  about  1.7  microns  relative  to  the  incident  beam  to  change  coupling  conditions. 

In  summary,  we  have  observed  that  the  effective  index  of  PSWs  can  be  accurately  modeled 
by  spatially  averaging  the  increased  index  of  the  proton  exchange  and  the  waveguide  propagation 
losses  will  not  be  increased  significantly  by  using  PSWs.  We  have  used  a  segmented  structure  to 
fabricate  tapered  annealed  proton  exchanged  channel  waveguides  in  LiNbOs.  Spot  size 
transformations  of  3:1  have  been  obtained,  with  excess  losses  0.4  dB.  Robust,  efficient  coupling 
to  the  fundamental  mode  of  a  multimode  waveguide  was  demonstrated.  The  mode  size 
transformation  can  also  be  used  to  simplify  free-space  coupling  or  fiber  pig-tailing  by  loosening 
alignment  tolerances. 
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To  make  compact  delay  lines  it  is  essential  to  have  low-loss  single-mode  straight  guides,  and 
compatible  low-loss,  small  radius  comers  (or  mirrors).  Straight  guide  losses  of  a  few  tenths 
of  a  dB  per  centimetre  have  been  achieved  in  III-V  semiconductor  waveguides,  but  these  are 
not  usually  compatible  with  small  radius  comers  [1,2].  Alternatively,  very  low  excess  comer 
losses  have  been  achieved  with  a  bend  radius  as  small  as  30  pm  using  deep-etched  guides, 
but  the  corresponding  straight  guide  losses  were  very  high  [3].  In  this  paper  we  use  deep- 
etched,  vertical-walled  GaAs/AlGaAs  waveguides  (A,  =  1.064  pm).  We  compare  sets  of 
straight  guides  and  comers  for  two  wafer  designs:  1)  a  smaller-guide  wafer,  with  a  2.6  pm 
single-mode  width;  and  2)  a  larger-guide  wafer,  with  a  4.2  pm  single-mode  width.  We  also 
compare  measured  losses  of  different  waveguide  comer  designs,  and  demonstrate  the 
advantages  of  using  comers  with  an  optimised  near-hyperbolic  shape,  designed  to  minimise 
straight  to  curved  guide  mode  mismatch.  We  show,  for  example,  results  for  an  optimised  90° 
comer,  which  has  an  excess  loss  of  0.5  dB  for  an  equivalent  radius  of  100  pm. 

The  epitaxial  layers  (on  a  GaAs  substrate)  for  the  two  types  of  guide  were  as  follows: 

Layer  Smaller-guide  Larger-guide 

Upper  cladding  30%  AlGaAs  1.1pm  20%  AlGaAs  1.2  pm 

Waveguide  core  GaAs  1.6  pm  5%  AlGaAs  2.5  pm 

Lower  cladding  1  20%  AlGaAs  0.3  pm  15%  AlGaAs  0.3  pm 

Spacer  layer  GaAs  0.5  pm  5%  AlGaAs  0.5  pm 

Lower  cladding  2  4%  AlGaAs  2.0  pm  6.5%  AlGaAs  2.8  pm 

Both  guides  were  etched  to  about  0.1  pm  into  the  spacer  layer.  All  modes  except  the 
fundamental  leaked  strongly  into  the  high  index  GaAs  substrate.  This  was  because  the  second 
cladding  layer  index  was  lower  than  the  effective  index  of  the  fundamental  mode  but  higher 
than  those  of  all  other  modes.  Waveguides  were  made  with  these  two  wafer  designs  using 
conventional  photolithography  and  reactive  ion  etching  to  give  smooth,  vertical  sidewalls. 
Sets  of  36  straight  guides  of  different  widths  from  1.0  pm  to  8.0  pm  in  steps  of  0.2  pm  were 
made  and  tested.  The  optical  loss  was  measured  using  the  Fabry-Perot  method  [2,5]  for  guide 
lengths  of  0.5  cm,  1 .0  cm  and  2.95  cm,  and  the  measured  loss  was  found  to  be  independent 
of  length  for  single-mode  guides.  Note,  however,  that  the  Fabry-Perot  method  is  not  very 
reliable  for  multimode  guides  and  will  in  general  overestimate  the  guide  loss.  The  number 
of  modes  supported  by  each  guide  at  each  length  was  determined  by  viewing  the  output 
surface  of  the  guide  using  a  0.95  NA  lens  and  an  infra-red  camera  (to  form  a  high  resolution 
microscope)  and  looking  at  the  way  that  the  camera  image  changed  as  the  input  spot  was 
moved.  Figure  1  shows  the  measured  results  for  four  sets  of  guides  all  of  length  2.95  cm. 
The  guide  loss,  and  the  points  at  which  the  different  higher  order  modes  appeared  were  in 
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good  agreement  with  theoretical  predictions  using  the  leaky-mode  Spectral  Index  method  [4]. 
There  is  a  cut-off  guide  width  for  each  lateral  mode,  determined  by  the  index  step  between 
the  core  and  the  second  cladding  layer.  The  minimum  single-mode  larger-guide  loss  occurred 
for  guide  widths  around  4.0  pm,  and  was  0.8  dB/cm  (0.6  dB/cm  for  some  multi-mode  guides). 
We  believe  that  most  of  this  loss  was  due  to  side  wall  effects,  but  the  theory  predicts  a  loss 
due  to  leakage  into  the  substrate  of  0.3  dB/cm  which  may  also  account  for  some  of  the  loss. 
The  minimum  single-mode  smaller-guide  loss  occurred  for  guide  widths  around  2.6  pm,  and 
was  1 .5  dB/cm  (0.9  dB/cm  for  some  multi-mode  guides). 
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different  sets  correspond  to  measurements  made  on  different  parts  of  the  wafer. 


The  comers  were  designed  to  change  the  guide  direction  by  90°,  and  we  measured  the  excess 
loss  due  to  each  comer  type  for  five  different  input/output  guide  widths  (2.0,  2.5,  3.0,  4.0  and 
5.0  pm),  and  for  both  wafer  designs.  The  comer  types  tested  were:  1)  conventional  curves; 
2)  conventional  curves  with  an  offset  to  reduce  straight/curved  transition  losses  [3,6];  3) 
whispering  gallery  comers  [2]  with  offsets;  4)  three  types  of  near-hyperbolic  curves  [7] 
designed  to  minimise  straight  /curved  transition  losses;  5)  two  sizes  of  45°  plane  mirrors  [2]; 
and  6)  a  focusing  mirror.  These  comers  types  were  designed  and  made  for  four  different 
effective  radii  (100,  200,  500  and  1000  pm),  i.e.  each  comer  type  had  the  same  input/output 
guide  positions  as  a  conventional  curve  with  the  corresponding  radius.  The  loss  of  each 
comer  type  was  measured  using  the  Fabry-Perot  method,  to  determine  the  overall  loss  of  a 
fixed  length  of  straight  guide  and  four  90°  comers.  We  assumed  that  the  Fabry-Perot  method 
was  reliable  for  measuring  these  losses  if  the  input/output  guides  were  single-moded.  The 
near-hyperbolic  comers  (Figure  2)  were  designed  using  a  simple  theoretical  method  in  which 
the  curve  was  considered  to  be  made  from  short  sections  of  straight  guide  joined  together 
with  small,  abmpt  angle  changes  at  each  join.  The  behaviour  of  the  light  in  the  curve  was 
analysed  in  terms  of  straight  guide  modes,  and  each  angle  change  was  assumed  to  change  the 
set  of  complex  mode  amplitudes.  To  simplify  the  calculations  the  straight  guide  mode  fields 
were  approximated  by  sine  functions  with  propagation  constants  determined  analytically  using 
Pythagoras’  theorem.  In  a  more  accurate  method  the  mode  fields  and  propagation  constants 
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(including  loss)  could  be  determined  using  the  leaky-mode  Spectral  Index  method,  for 
example.  The  number  of  modes  was  limited  to  20,  because  the  higher  modes,  although  very 
lossy,  could  be  very  significant  in  the  short  straight  sections.  The  curve  was  described  as  a 
set  of  subsections  joined  together  in  series.  Each  subsection  was  defined  by  two  line  lengths 
(L,  and  Lj),  and  a  half-angle  a,  as  shown  in  Figure  2. 


Figure  2.  Near-hyperbolic  curves  for  five  guide  widths  (100  pm  equivalent  radius).  The  inset 
shows  a  subsection  (with  an  exaggerated  bend  angle)  used  for  designing  these  corners. 

The  straight  line  widths  were  all  assumed  to  be  the  same  as  those  of  the  input  and  output 
guides.  The  propagation  of  light  through  each  subsection  was  represented  by  a  complex 
matrix  Mjj  which  mapped  the  input  set  of  complex  mode  amplitudes  Aj  on  to  the  output  set 
of  complex  mode  amplitudes  Aj.  The  matrix  elements  were  determined  by  mode  overlap 
calculations  applied  across  the  intersection  boundary  between  the  two  lengths  of  straight 
guide.  By  multiplying  the  individual  matrices  together,  a  matrix  which  described  the  whole 
comer  could  be  determined.  The  eigenvectors  of  this  matrix  correspond  to  sets  of  straight 
guide  mode  amplitudes,  which  when  multiplied  by  the  relevant  mode  fields  and  summed  over 
the  number  of  modes,  give  a  set  of  ’comer  modes’  which  correspond  to  input  fields  which 
emerge  from  the  comer  unchanged.  To  design  the  near-hyperbolic  comers  which  were  tested, 
we  described  the  comer  as  a  simple  analytic  function  and  varied  the  shape  until  the 
fundamental  comer  mode  was  as  close  to  the  fundamental  straight  guide  mode  as  possible. 

Comer  losses  measured  for  the  larger-guides  were  found  to  be  quite  high,  typically  around 
1.5  dB/90°  for  a  1000  pm  radius,  2.5  dB/90°  for  a  200  pm  radius,  and  5  dB/90°  for  a  100  pm 
radius.  However,  much  lower  comer  losses  were  achieved  for  the  smaller-guides.  Figure  3 
shows  a  summary  of  the  minimum  losses  from  measurements  taken  on  a  number  of  sets  of 
100  pm  effective  radius  comers  (and  mirrors).  Results  for  the  larger  radius  curves  will  be 
presented  at  the  conference.  These  results  show  (for  each  comer  type  and  guide  width)  the 
total  Fabry-Perot  measured  loss  determined  for  four  90°  comers  and  a  length  of  straight  guide. 
The  total  path  length  of  each  test  guide  depended  on  the  curve  type  but  was  approximately 
1.14  cm.  For  comparison,  the  loss  of  a  1.0  cm  straight  guide  is  also  included  in  Figure  3. 
The  results  show  trends  which  can  also  be  seen  on  the  results  for  other  radius  comers  and  for 
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the  larger-guide  wafer.  The  near-hyperbolic  comers  were  generally  found  to  give  the  lowest 
loss,  especially  for  smaller  radius  comers.  The  minimum  excess  losses  for  100  pm,  200  pm, 
and  500  pm  radius  near-hyperbolic  comers  (3.0  pm  wide)  were  0.5  dB,  0.3  dB,  and  0.2  dB 
respectively.  The  plane  mirror  losses  were  typically  around  1.5  dB/mirror  for  the  smaller- 
guides,  but  were  unmeasurable  for  the  larger-guides  suggesting  that  the  wall  verticality  was 
more  significant  for  larger-guides.  In  general  the  offset  curves  gave  similar  losses  to  the 
conventional  curves  for  all  comer  radii  and  wafer  designs  measured,  and  for  larger  radius 
comers  these  losses  were  very  similar  to  the  corresponding  near-hyperbolic  comer  losses. 
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Figure  3.  Corner  losses  for  eight  corner  types  (in  five  widths)  on  the  smaller-guide  wafer. 
The  total  losses  for  four  90°  corners  and  ~1.14  cm  of  straight  guide  are  plotted,  as  well  as 
the  loss  of  1.0  cm  of  the  corresponding  straight  waveguide  for  comparison. 

In  conclusion  we  have  made  loss  measurements  on  a  wide  range  of  deep-etched  straight 
guides  and  comers.  We  have  demonstrated  0.5  dB/90°  for  a  100  pm  radius  near-hyperbolic 
comer,  which  is  compatible  with  a  1.5  dB/cm  single-mode  straight  guide. 
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Introduction 

Recently,  laser  diodes  used  in  optical  network  systems  must  have  not  only  a  large  alignment 
tolerance  to  optical  fiber  and  waveguides  to  reduce  module  alignment  cost,  but  also  a  low 
threshold  current  and  high  temperature  operation.  The  spot-size  converted  laser  diodes  (SSC- 
LDs)  are  attractive  for  their  large  tolerance  and  low-loss  coupling  without  lenses  [1]-[11],  and 
we  have  demonstrated  SSC-LDs  with  butt-joint  -selective  (BJ-selective)  growth.  This  structure 
is  very  advantageous  because  it  enable  us  to  optimize  both  laser  and  SSC  regions  independently 
[5-6]. 

In  this  paper,  we  clarify  that  the  buried  heterostructure  (BH)  has  a  strong  influence  on  the 
performance  of  FFPs  and  on  the  coupling  characteristics.  We  obtain  a  low-loss  coupling  by 
considering  the  design  of  the  pn-BH  to  avoid  the  influence  of  the  n-doped  current  blocking 
layer  whose  refractive  index  is  much  different  from  the  p-doped  cladding  layer.  We  fabricated 
SSC-LDs  whose  SSC  region  was  easily  formed  by  BJ-selective  growth.  With  the  proposed 
design,  a  low-loss  coupling  of  less  than  2  dB  with  a  low  threshold  current  of  less  than  6  mA  is 
demonstrated. 

Analysis  of  pn-BH  structure  dependence 

A  waveguide  in  the  SSC  region  is  buried  in  the  pn-BH  together  with  the  active  layer. 
Previously,  the  position  of  the  n-doped  current  blocking  layer  in  the  pn-BH  has  been  designed 
only  for  laser  performance,  not  coupling  characteristics. 

Figure  1  shows  the  proposed  concept  for  designing  the  pn-BH  for  both  laser  and  coupling 
performance.  To  reduce  leakage  current,  the  n-doped  current  blocking  layer  should  be  located 
near  the  active  layer.  Furthermore,  the  doping  concentration  of  this  layer  should  be  high  enough 
to  block  leakage  current,  as  shown  in  Fig.  1  (a). 

On  the  other  hand,  the  refractive  index  of  n-doped  InP  is  much  lower  than  that  of  p-doped 
InP  in  the  pn-BH  due  to  the  effect  of  dopants.  Therefore,  the  position  of  the  n-doped  current 
blocking  layer  is  very  important  in  avoiding  the  influence  of  refractive  index  difference  as 
shown  in  Fig.  1  (b). 

Figure  2  (a)  shows  the  calculated  coupling  loss  to  an  optical  fiber  (spot  size  =  4  |im),  when 
the  height  of  the  n-doped  blocking  layer  is  varied.  We  assume  that  the  thickness  T  and  width  W 
of  the  core  are  0.1  and  1.5  pm,  respectively.  This  calculation  doesn't  include  the  radiation  loss 
which  increases  as  the  height  difference  decreases  [12].  The  position  of  the  n-doped  current 
blocking  layer  has  a  strong  influence  on  the  FFPs  and  the  coupling  loss.  In  conventional  pn- 
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BH  design,  when  the  height  difference  between  the  center  of  the  active  layer  and  the  upper 
surface  of  the  n-doped  current  blocking  layer  is  small  that  corresponds  to  Fig.  1  (a),  the 
coupling  loss  is  ~  1.8  dB.  As  the  height  difference  is  increased,  which  corresponds  to  Fig.  1 
(b),  the  coupling  loss  can  be  reduced  to  1.3  dB.  Furthermore,  the  coupling  loss  can  be 
drastically  improved  by  reducing  the  doping  concentration  of  the  n-doped  current  blocking 
layer. 

Figure  2  (b)  also  shows  the  coupling  loss,  when  the  n-doped  current  blocking  layer  is  moved 
parallel  to  the  surface  and  the  height  difference  is  set  to  0.4  |im.  We  can  obtain  a  low-loss 
coupling  at  the  distance  of  0.1  |im,  which  is  narrow  enough  to  prevent  leakage  current  through 
the  side  of  the  active  layer. 

Fabrication  of  SSC-LDs 

The  structure  of  the  proposed  LD  is  shown  in  Fig.  3.  This  is  grown  in  five  steps  of  MOVPE. 
An  active  layer  consisting  of  a  GalnAsP  (A,ld  =  1-3  |im)  MQW  layer  and  GalnAsP  (X,g  =  1.1 
pm)  SCH  layers  is  grown.  Using  a  SiNx  mask,  the  active  layer  on  the  SSC  region  is  removed 
by  wet  etching,  and  tapered  GalnAsP  (X.g  =  1.1  pm)  SSC  layer  is  formed  by  BJ-selective 
growth.  Then  a  thin  InP  cladding  layer  is  grown  and  a  mesa  stripe  is  fabricated  by  CH4  dry 
etching.  After  the  mesa  stripe  is  buried  in  the  pn-BH,  an  over-cladding  layer  is  formed  as  final 
growth  step.  Finally,  electrodes  are  formed  at  both  sides  of  the  laser.  A  highly  reflective  film 
(95  %  reflectivity)  is  coated  on  the  rear  facet.  The  length  of  both  the  active  and  the  SSC  region 
is  300  pm.  The  core  thickness  and  width  at  the  output  facet  are  0.1  and  1.5  pm,  respectively. 
We  have  fabricated  tapered  SSC  layer  by  BJ-selective  growth  because  the  thickness  at  the 
border  between  the  laser  and  the  SSC  region  and  the  thickness  of  the  SSC  region  at  the  output 
facet  can  be  flexibly  adjusted.  Furthermore,  we  can  obtain  nearly  exponentially  tapered  shape  as 
designed  for  low-loss  coupling  [12].  SEM  view  of  the  SSC  region  at  the  output  facet  is  shown 
in  Fig.  4. 

Characteristics 

The  dependence  of  the  height  difference  for  measured  coupling  losses  is  shown  in  Fig.  5.  We 
obtained  a  low-loss  coupling  below  2  dB  at  the  height  difference  of  0.4  pm  that  corresponds  to 
Fig.  1  (b).  The  coupling  loss  tends  to  be  reduced  as  the  height  difference  is  increased.  In  Fig. 
5,  the  distribution  of  the  coupling  losses  is  considered  to  be  caused  by  the  effects  with  the 
difference  of  the  doping  concentration  of  the  n-doped  current  blocking  layer  and  the  difference 
of  the  core  size  at  the  output  facet. 

Figure  6  shows  the  performance  of  the  SSC-LDs  with  the  height  difference  of  0.4  pm.  At  the 
room  temperature,  a  very  low  threshold  current  of  less  than  6  mA  has  been  achieved  with 
reducing  coupling  loss  to  less  than  2  dB  . 

Conclusion 

The  influence  of  the  n-doped  current  blocking  layer  in  the  pn-BH  is  described.  We  clarified 
that  the  position  and  doping  concentration  of  the  n-doped  current  blocking  layer  in  the  SSC 
region  is  very  important  in  obtaining  a  low-loss  coupling,  and  that  a  coupling  loss  of  less  than  2 
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dB  is  attainable  by  designing  the  position.  Accordingly,  we  built  SSC-LDs  using  BJ-selective 
growth  that  have  a  low-loss  coupling  of  less  than  2  dB  with  a  low  threshold  current  of  less  than 
6  mA. 
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Fig.  1  Design  concept  for  a  low-loss  coupling 
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Fig.  2  Influence  of  an  n-doped  current  blocking  layer 


Coupling  loss  (  dB  ) 


IWFl-4  /519 


m 


SEM  view 


schematic  view 
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Introduction 

Semiconductor  lasers  with  ring  cavities  are  attractive  as  possible  sources  for  future  fibre-to- 
the-home  systems  that  require  affordable  components.  Ring  resonator  lasers  can  readily  be 
integrated  and  do  not  require  gratings  or  facets  for  feedback.  They  can  be  operated  cw  [1] 
in  a  single  transverse  and  longitudinal  mode  [2]  without  the  need  for  accurate  gratings  or 
overgrowth  and  hence  offer  themselves  strongly  for  low-cost  mass-production. 

Due  to  the  bidirectional  light  circulation  and  the  inherent  symmetry,  these  devices  are 
particularly  suited  for  colliding  pulse  mode-locked  (CPM)  operation.  The  repetition  rate  is 
a  function  of  the  cavity  length  which  can  be  accurately  determined  by  lithography  alone, 
unlike  in  cleaved  Fabry-Peror  lasers.  This  featture  is  an  important  requirement  for 
applications  in  communication  systems  where  devices  operating  at  well-defined  pulse 
repetition  rates  are  required.  It  is  with  this  mode-locking  application  in  mind  that  we 
designed  the  3mm  long  cavity,  aiming  for  repetion  rates  in  the  20-40GHz  regime. 
Comparable  devices  in  the  GaAs/AlGaAs  material  system  have  already  produced  evidence 
for  mode-locking  at  28GHz  [3]. 

The  majority  of  ring  lasers  reported  so  far  have  been  fabricated  in  the  GaAs/AlGaAs 
material  system  [2, 4, 5].  Although  many  aspects  of  ring  lasers  have  already  been  studied 
at  0.85pm  wavelength,  it  is  important  to  demonstrate  low  threshold  operation  in  the  more 
relevant  communications  wavelength  regime  aroxmd  1.55  pm,  where,  to  our  knowlege, 
only  a  few  results  have  been  published  [6, 7]. 

Material 

The  material  was  designed  with  two  strained  quantum  wells  (L2=120A)  embedded  in  a 
GRINSCH-structure  (Fig. la).  The  Indium  content  of  the  two  InGaAs  wells  was  32%, 
resxxlting  in  1.5%  tensile  strain,  a  design  which  has  previously  resulted  in  very  low 
threshold  current  laser  operation  [8].  We  chose  to  introduce  tensile  instead  of  compressive 
strain,  because  the  thicker  quantum  wells  (>100A  instead  of  «25A  in  the  compressive  case) 
allow  a  greater  degree  of  control  during  growth. 

The  epitaxial  growth  was  performed  in  an  MR  Semiconductors  MR350  horizontal  low 
pressure  MOVPE  reactor,  at  a  reactor  pressure  of  150  Torr  and  a  growth  temperatiure  of 
650°C.  Tbe  reagents  used  were  100%  phosphine,  100%  arsine,  trimethylgallium  and 
trimethylindium  entrained  in  a  palladium-diffused  hydrogen  carrier  gas  flowing  at  18  slm. 
T^e  output  of  the  TMIn  source  was  monitored  by  an  Epison  ultrasonic  cell,  and  controlled 
via  a  feedback  system  to  maintain  a  stable  output  from  the  bubbler.  The  n-dopant  source 
was  disilane,  lOppm  in  helium,  and  the  p-dopant  was  zinc  from  a  5000  ppm  dimethylzinc- 
in-hydrogen  gas  source.  The  step-graded  GalnAsP  cladding  regions  were  achieved  by 
maintaining  a  constant  flow  of  the  P  and  the  In  precursors  to  the  reactor,  and  switching 
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between  pre-calibrated  As  and  Ga  sources  to  minimise  gas  flow  disruptions.  Growth  rates 
for  the  GalnAsP  material  ranged  from  1.5-1.8[rm/hr.  An  undoped  spacer  layer  was 
introduced  into  the  upper  InP  cladding  layer  to  allow  for  the  inevitable  diffusion  of  the  p- 
dopant  during  the  final  stages  of  growdi. 


lOOOA  InGaAs,  p+ 


14000  A  InP,  p=9el7  cm-3 


800A  Q1.05 
500Aq1.18 

lOOOA  Q1.26 
DQW 

lOOOA  Q1.26 
500A  Q1.18 
800A  Q1.05 

InP  substrate,  n>lel8  cm-3 

{120A  InxGal-xAs,  x=0.32 
lOOA  Q1.26 

120A  InxGal-xAs,  x=0.32 


Figure  1.  a)  Material  structure,  the  approximate  refractive  index  being  indicated  on  the 
horizontal  and  the  layer  thickness  on  the  vertical  axis,  b)  Sketch  of  the  ^vice  layout.  The 
cavity,  coupler  and  two  output  branches  are  pumped  and  the  output  branches  are  angled  at 
4°  to  normal  to  minimise  backreflections;  the  output  facets  are,  however,  not  anti¬ 
reflection  (AR)  coated. 

SOjxm  wide  broad  area  lasers  were  fabricated  for  material  assessment  (Fig.2).  The 
extrapolated  threshold  current  density  of  193  A/cm^  for  infinite  cavity  length  devices 
represents  state-of-the-art  performance  for  double  quantum  well  (DQW)  long  wavelength 
material.  For  comparison,  Thijs  et  al.  [8]  achieved  92  AJcxv?  using  a  single  quantum  well, 
Yokouchi  [9]  and  Yamamoto  [10]  achieved  slightly  over  100  A/cm^  per  well  for  DQW 
material. 


Figure  2  Threshold  current 
density  vs.  inverse  cavity 
length  for  the  material  MR 
396  used  in  our  experiments. 
The  threshold  for  infinite 
cavity  length  is  at  193  Alcm^. 
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Devices 


Devices  were  fabricated  using  our  self-aligned  process  described  previously  [5].  Lasers 
were  designed  as  racetracks  with  3  pm  wide  strip-loaded  wavegmde  ridges  and  350pm 
radius  in  the  curved  parts,  using  multi-mode  interference  (MMI)  sections  for  ou^ut 
coupling.  The  length  of  the  MMI  section  for  a  3dB  coupler  accca’ding  to  [11]  is 


1  Anw 


2  A 


(1) 


Assuming  a  width  w  of  9.2  pm,  a  wavelength  X  of  1.55  pm  and  an  effective  index  n  of 
3.28,  Lmmi  =  360pm.  Previous  investigations  [12]  have  shown  that  the  optimum  MMI 
coupler  length,  if  Ae  MMI  section  is  part  of  an  active  ring  laser  cavity,  is  5-10%  shorter 
than  the  length  suggested  by  (1).  We  foxmd  this  result  confirmed  (Fig.3),  and  obtained  the 
best  results  with  devices  with  an  MMI  coupler  length  of  320  pm  or  340  pm,  i.e.  90%  and 
95%,  respectively,  of  the  length  suggested  by  (1). 


320fimMMI 
340nm  MMI 


Figure  3.  L-I  curve  and  spectrum  of  ring  lasers  with  MMI  sections  of  different  length. 
The  lowest  threshold  was  110  mA  for  a  device  with  a  320  pm  long  MMI  section,  whereas 
the  device  with  the  340  pm  long  MMI  section  operated  single  mode  between  threshold  and 
240mA  The  spectrum  was  taken  for  the  340  pm  device  at  220  mA  The  efficiency  (sum 
of  both  laser  outputs)  was  between  8  %  and  10%  for  different  devices. 

The  lowest  threshold  of  110  mA  is  very  encouraging  and  comparable  to  the  results 
obtained  with  similar  devices  in  the  GaAs/AlGaAs  material  system  [5].  In  comparison  to 
other  published  results  achieved  with  InP/InGaAsP  material  [6,  7],  where  thresholds 
between  150mA  -  200mA  were  obtained,  this  result  is  a  considerable  advance,  which  is 
mainly  due  to  the  superior  characteristics  of  our  tensile  strained  DQW  material.  Unlike  our 
GaAs/AlGaAs  lasers,  we  were  not  able  to  operate  these  devices  cw,  because  of  the  low  Tq 
(i.e.  poor  performance  at  elevated  temperatures),  which  is  typical  of  lasers  in  the 
InP/InGaAsP  material  system.  It  is  well  known  [13]  that  although  it  improves  the 
threshold  cxurent  and  high  speed  operation  characteristics,  the  incorporation  of  strain  does 
not  significantly  increase  the  Tq  of  a  laser  device,  hence  proper  heatsinking  arrangements 
are  required. 

Further  improvements  in  device  operation  are  expected  from  the  introduction  of  better 
electron  confinement,  e.g.  through  proton  implant  isolation,  passive  cavity  extension 
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through  a  suitable  quantum  well  intermixing  process  [14]  and  the  addition  of  saturable 
abscwbers  into  the  cavity  for  mode-locked  operation. 
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1)  Introduction 

In  the  quest  for  high  power 
semiconductor  laser  diodes  much  of  the 
latest  research  has  been  devoted  to  tapered 
structures,  e.g.  tapered  amplifiers,  [1], 
integrated  laser/amplifiers,  [2],  and  tapered 
lasers,  [3].  Tapered  amplifiers  have  the 
disadvantage  that  they  must  either  be  used 
with  external  signal  injection  or  be  integrated 
with  a  DFB  laser.  Tapered  lasers  have 
problems  associated  with  catastrophic  optical 
damage,  (COD),  at  the  facet  with  the  narrow 
stripe  contact.  This  problem  has  been 
alleviated  to  some  extent  by  A-R  coating  the 
facet  at  the  broad  end  of  the  stripe  contact, 
however  this  adds  to  the  complexity  and  cost 
of  the  lasers.  Recendy  double  tapered  or 
Bow-tie  lasers  have  been  used  to  produce 
high  power  Q-switched  pulses,  [4].  Typical 
dimensions  of  these  Bow-tie  lasers  were 
300p  long  with  a  5|J,  narrow  section  tapering 
to  30|J.  at  the  output  facets.  Subsequently 
double  tapered  (Bow-tie)  lasers  2mm  long, 
5|i.  wide  in  the  middle,  and  flaring  to  175|J.  at 
each  facet  have  been  fabricated.  These 
devices  are  cabable  of  producing  2W  quasi- 
CW  output  power  per  facet  and  up  to  4W 
per  facet  at  a  low  duty  cycle.  The  advantage 
of  using  double  tapered  lasers  over  the  single 
tapered  laser  is  that  the  narrow  region  is 


Fig(2)  Light/current  characteristics  of  3  Bow-tie  lasers 
each  having  L=2mm,  Wmin=5/£  and  tapering  out  to 
Wmax=  a)  150/x,  b)  175/x  and  c)  200/x. 


located  either  at  or  towards  the  centre  of  the 
structure  so  that  each  facet  has  a  wide 
output  area.  Preliminaiy  results  from  a 
computer  model  which  is  currently  under 
development,  shows  good  agreement  with 
the  experimental  near  and  far-field  intensity 
distributions  emanating  from  the  Bow-tie 
lasers,  at  currents  just  above  threshold. 


2)  Experimental  Work 

The  Bow-tie  lasers  were 
fabricated  in  the  School  of  Electronic  and 
Electrical  Engineering,  University  of  Bath, 
from  DQW  AlGaAs  material  obtained  from 
the  EPSRC  m- V  facility  at  Sheffield 
University.  Rib-waveguides  were  ion  beam 
etched  to  provide  weak  index  guiding  and 
reduce  current  spreading  so  that  the 
narrowest  section  of  the  guide  supports  only 
one  lateral  mode,  fig(l).  Deflectors  were 
included  to  stop  unwanted  stray  light 
coupling  into  the  taper  and  preserve  the 
purity  of  the  fundamental  mode,  [3].  The 
light/current  characteristics  of  3  devices, 
each  2mm  long,  but  with  different  taper 
angles  are  shown  in  fig(2).  The  devices  were 
driven  with  l|is  pulses  with  a  5:1  duty  cycle 
at  room  temperature.  The  maximum  quasi- 
cw  output  power  achieved  was  2.1W  per 
facet  at  an  injection  current  of  8A  with  a 
slope  efficiency  of  0.3W/A  per  facet,  from 
device  b),  fig(2).  Most  of  the  Bow-tie  lasers 
that  were  tested  had  output  powers 
exceeding  1.5W/facet.  The  narrowest  taper 
angle  bow-tie  laser  that  was  measured 
proved  to  have  the  highest  slope  efficiency. 
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0.4W/A  getting  progressively  worse  as  the 
taper  angle  increased.  The  light/current 
characteristics  of  the  bow-tie  lasers  were 
also  measured  under  low  duty  cycle 
conditions,  1000:1,  with  500ns  pulse  widths. 
Under  these  conditions  it  was  possible  to 
obtain  4W  per  facet  at  7  A  with  a  slope 
efficiency  of  0.6W/A  from  a  Bow-tie  laser 
which  was,  2mm  long,  5^i  at  the  centre,  and 
tapering  linearly  to  150|i.  The  threshold 
current  of  this  laser  was  400mA. 

The  near-field  intensity 
profiles  of  the  bow-tie  lasers,  were  measured 
using  a  vidicon  camera.  The  devices  were 
pulsed  at  a  low  duty  cycle,  1000:1,  and 
neutral  density  filters  used  to  reduce  the 
output  power.  Some  typical  near-field 
intensity  profiles  are  shown  as  a  function  of 
current  in  fig(3).  A  dramatic  narrowing  of 
the  near-field  distribution  occurs  as  the 
injection  current  is  increased  from  0.3A, 
below  threshold,  where  spontaneous 
emission  dominates,  to  0.5 A,  above 
threshold,  into  the  stimulated  emission 
regime. 


shown  as  a  function  of  injection  current. 


In  addition  to  the  central  lobe,  it  is  noticeable 
that  there  are  a  number  of  subsidiary  peaks, 
which  correspond  to  power  transferred  from 
the  fundamental  lateral  waveguide  mode  into 
higher  order  modes,  as  the  optical  field 
travels  along  the  length  of  the  taper.  As  the 
current  is  increased  the  central  lobe  broadens 
and  the  fraction  of  power  outside  of  the 
central  lobe  increases.  This  is  thought  to  be  a 
consequence  of  spectral  hole  burning  altering 
the  carrier  distribution,  and  hence  the 
refractive  index  profile,  thus  causing  more 
power  to  be  transferred  to  the  higher  order 
lateral  modes. 


Fig(3)  Near  field  intensity  profiles  of  Bow-tie  laser  (b) 
shown  as  a  function  of  injection  Current. 

The  far-field  intensity  profiles 
of  the  Bow-tie  lasers,  fig(4),  were  measured 
by  accurately  placing  the  lasers  at  the  centre 
of  a  rotating  base  and  using  a  small  area 
detector,  1mm  in  diameter,  at  a  distance  of 
200mm.  At  1 A  the  full  width  half  maximum 
(FWHM)  of  the  far-field  distribution  is 
approximately  3.5°.  As  the  current  is 
increased  the  far-field  becomes  lop-sided  and 
broadens  to  give  a  FWHM  of  6°.  The  lop¬ 
sided  shape  of  the  far-field  distribution  is 
likely  to  be  caused  by  asymmetries 
introduced  into  the  bow-tie  laser  during 
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fabrication.  The  broadening  of  the  far-field 
provides  further  evidence  that  more  power  is 
being  transferred  to  the  higher  order  modes 
as  the  current  is  increased. 

3)  Theoretical  Model 

A  theoretical  model  of 
tapered  devices  has  been  developed  to  obtain 
a  better  understanding  of  how  a  bow-tie  laser 
works  and  hence  to  improve  on  it's  design. 
The  intensity  distribution  within  the  device  is 
of  particular  interest  as  this  determines  the 
saturation  characteristics  and  also  the  COD 
limit  for  the  near-field  intensity  distribution 
at  the  output  facet.  Of  course,  the  near-field 
intensity  distribution  coupled  with  the  phase 
also  defines  the  far-field  intensity 
distribution.  Consequently  a  modal  analysis, 
similar  to  that  of  Bendelli  et  al,  [5],  was 
chosen  to  model  the  tapered  devices.  In  this 
method  the  taper  is  discretised  along  the 
length  of  the  device,  into  slab  waveguides  of 
piece-wise  constant  width,  and  the  step 
transition  method  applied  at  each  of  the 
discretising  interfaces.  This  technique  has 
been  verified  by  comparing  the  near-field 
intensity  distributions  from  the  model  with 
experimental  measurements  made  on  passive 
tapered  rib-waveguides,  [6].  To  extend  the 
analysis  to  a  tapered  or  Bow-tie  laser,  the 
time  independent  diffusion  equation  is 
solved,  to  obtain  the  carrier  profile,  in  each 
longitudinal  section.  Note  that,  unlike  the 
'Bendelli  model',  [5],  the  refractive  index 
dependence  on  the  carrier  profile  is  explicitly 
included.  The  distribution  of  the  carriers  and 
the  optical  field  are  not  independent  of  each 
other  and  in  this  analysis  they  have  been 
solved  in  a  self-consistent  manner  by  using  a 
piece-wise  constant  inversion  population 
method.  Within  each  longitudinal  section,  the 
carrier  profile,  and  hence  the 
gain/absorption,  has  been  assumed  to  be  z 
independent,  so  that  each  lateral  mode  will 


grow  or  decay  exponentially.  The  lateral 
modes  which  make  up  the  total  optical  field 
are  allowed  to  propagate  forwards  and 
backwards  along  the  tapered  structure  until 
the  boundary  conditions  at  the  facets  are 
satisfied  to  within  a  specified  accuracy. 
Spontaneous  emission  is  assumed  to  be 
negligible  in  the  present  analysis. 


Fig (5)  Comparison  of  theoretical  and  experimental 
a)  near-field  and  b)  far-field  intensity  profiles 
of  Bow-tie  laser  (a). 

Calculations  corresponding  to 
the  Bow-tie  lasers  described  in  section  (2) 
have  been  carried  out.  It  can  be  seen  from 
fig(5)  that  the  experimental  near-field  and 
far-field  intensity  distributions,  can  be 
simulated  quite  accurately  with  the  model, 
at  currents  just  above  threshold. 

4)  Summary 

In  conclusion  we  have 
demonstrated  that  the  Bow-tie  laser  can 
provide  high  output  powers,  2W  quasi-cw. 
The  far-field  profile  is  stable  at  and  above 
l.OA  with  half  power  points  of  3°  rising  to 
6.5°  at  8A.  A  theoretical  model  of  the 
tapered  laser  has  been  developed  which 
describes  the  near  and  far-field  intensity 
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profiles  accurately  at  currents  just  above  the 
lasing  threshold.  Bow-tie  lasers  are  expected 
to  provide  a  low  cost,  high  power, 
alternative  to  the  MOPA  and  single  tapered 
lasers. 
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1 .  Introduction 

High  bitrate  long  distance  optical  communication  systems  operating  at  1.55fJ.m  require  a 
DFB  laser  source  with  low  chirp.  A  considerable  amount  of  research  has  therefore  been 
dedicated  to  the  study  of  special  laser  structures  with  low  chirp.  In  the  theoretical  analysis,  it  is 
generally  believed  that  a  low  chirp  can  only  be  achieved  with  structures  with  a  small  effective 
linewidth  enhancement  factor  tteff  and  hence  .several  structures  with  small  Oeff  and  assumed  low 

chirp  have  been  reported  [1-3]. 

Below  we  will  show  that  only  the  chirp  caused  by  gain  suppression  can  be  related 
somehow  to  the  value  of  tteff.  The  intrinsic  chirp,  caused  by  the  time-dependence  of  the  optical 
power  and  dominating  at  high  bit  rates,  is  proportional  with  the  linewidth  enhancement  factor  a 
of  the  active  layer  material.  We  also  give  an  analytical  expression  for  the  chirp  caused  by  spatial 
hole  burning,  a  contribution  that  can  be  dominating  at  low  power  levels.  This  expression  also 
shows  how  this  spatial  hole  burning  contribution  depends  on  a  structural  parameter  on  one  hand 
and  on  parameters  such  as  threshold  gain,  linewidth  enhancement  factor,  carrier  lifetime  and 
differential  gain  on  the  other  hand.  Our  derivation  of  the  analytical  formula  for  the  chirp  is  based 
on  a  similar  approach  as  the  one  used  to  arrive  at  the  cteff-based  linewidth  formula  [4]. 


2.  Theory 

We  derive  the  variation  of  the  pulsation  Ao)  from  the  dynamic  coupled  wave  equations: 


- + - +  jAp  R  =kR 

f)Z  Vg  3t 

-^  +  — — +  jAP  R'=-k*  R^ 
3z  v„  3t 


(1) 


and  expand  the  field  amplitudes  and  the  complex  Bragg  deviation  as: 


R-(z,t)  =  R^(z)  +  5R-(z,t) 
Ap(z,t)  =Apo(z)+6(Ap)  (z,t) 


(2) 
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From  a  first  order  approximation  of  the  coupled  wave  equations  one  can  derive  the  following 
equation  [5]: 

jS(A|3)  dz=  ^  I  y^R+  5R-+  Rq  5R+)  dzj  ^3) 

We  normalise  the  fields  such  that  the  photon  density  S(z)  =  IR+|2+|R-|2  We  also  assume  that  the 
modulation  does  not  change  the  field  profiles,  i.e.  that: 


6S(z)  =  So(z)  f(t)  ,  6R~=  Rq  and  5R^=  Rq 


(4) 


with  f  a  real,  z-independent  function  of  time.  In  equation  (3),  we  expand  5(AP)  as  follows: 


6(AP)  =  ^  +  j  r|a  5N(z)  -  L  rg^,  ^  5S(z) 


(5) 


with  a  the  linewidth  enhancement  factor,  ag/rlN  the  differential  gain  of  the  active  layer  and  ^  the 
gain  suppression  coefficient.  The  variation  of  the  local  carrier  density  follows  from  a 
linearisation  of  the  longitudinal  carrier  density  equation  and  is  [5]: 


5N 


=1' 

Jo 


XO  f  G(Nav)f  ^av) 


exp 


(t-f) 


(1  +G'TcSay) 


dt' 


(6) 


:A(t)-B(t)  (So(z)-Sav) 


with  G'  =r vgag/3N,  td  the  differential  carrier  lifetime  and  Nav,  resp.  Sav  the  axial  average  of 

So(z)  and  N()(z).  Substitution  of  (4)-(6)  in  (3)  and  elimination  of  A  gives  the  following 
expression  for  Aco(t): 


Aco(t) 


a  dlnP(t) 
2 


^GthSa 


dt 


'  (ax'  -X") 


SP(t) 

Po 


Q'QthSav(1  +«^)  „  n 

2(1  +G'TdSav)  ^  Jo 


8P(t') 

Po 


exp 


(t-f) 


(1  h-G'-u^  Sav) 


df 


with  P  the  output  power  and: 


(7) 


x  =  x'+jx" 


(8) 
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The  first  term  in  this  expression  is  the  dynamic  chirp,  the  second  term  the  chirp  caused  by  gain 
suppression  and  the  third  term  the  chirp  caused  by  spatial  hole  burning.  This  equation  implies 
that  for  the  calculation  of  the  dynamic  chirp  not  the  effective  a-parameter,  but  the  material  a- 
factor  must  be  used. 


3.  The  low-frequencv  chirp:  discussion  and  numerical  results 
At  low  frequencies,  expression  (7)  reduces  to: 


^GthSav,  ,  8P(t) 

Aco  =  — - - (ax  -X  ) 


G'GthSav(1  +«  )  'td  „  5P(t) 

Po 


Po  2(1+G'tdSavf 


(9) 


X  depends  only  the  specific  DFB  laser  structure  (i.e.  on  coupling  coefficients  and  facet 
reflectivities).  It  is  purely  real  for  lasers  emitting  at  the  Bragg  wavelength.  Real  and  imaginary 
part  of  X  are  displayed  as  a  function  of  the  KL-product  in  Fig.  1-3  for  AR-coated  lasers,  XIA- 
shifted  AR-coated  lasers  and  for  a  laser  with  cleaved  facets.  It  can  be  noticed  that  x'  exceeds  x" 
by  a  factor  of  at  least  20  in  all  cases. 

The  contribution  from  gain  suppression  is  proportional  with  ax'-X"  =  otx'  and  with  the 
threshold  gain.  This  contribution  is  dominant  at  high  bias  powers.  Since  x'  and  the  ratio  of  Sav  to 
bias  output  power  increase  with  kL  while  the  threshold  gain  decreases  with  kL,  an  optimum  kL- 
value  with  minimum  chirp  caused  by  gain  suppression  will  exist.  The  optimum  value  depends  on 
the  internal  loss  however.  The  contribution  from  spatial  hole  burning  is  proportional  with  x",  but 
also  increases  with  the  square  of  a,  with  threshold  gain,  carrier  lifetime  and  differential  gain.  For 
constant  optical  modulation  depth  m  =  SP/Pq,  the  chirp  first  increases  with  bias  power,  then 
reaches  a  maximum  at  Sav=l/(G’i^d)  ^nd  then  decreases  as  1/Sav 

The  accuracy  of  the  formula  (9)  for  ^=0  has  been  investigated  more  in  detail  for  an  AR- 
coated  DFB-laser  with  kL=2.  To  this  end,  the  results  obtained  with  (9)  have  been  compared  with 
re.sults  obtained  with  a  more  rigourous  numerical  model  [6].  The  chirp  as  a  function  of  bias 
output  power  for  m=0.35  obtained  with  the  analytical  and  the  numerical  model  is  shown  in  Fig. 
4.  As  can  be  seen,  a  good  agreement  is  obtained. 

4.  Conclusion 

We  have  presented  an  accurate  analytical  formula  for  the  chirp  in  laser  diodes.  The 
fomula  includes  gain  suppression,  spatial  hole  burning  and  dynamic  effects.  It  shows  that  the 
chirp  caused  by  spatial  hole  burning  is  proportional  with  and  that  the  dynamic  chirp  is 
proportional  with  a  and  not  with  aeff- 
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Introduction 

Semiconductor  lasers  that  operate  at  high  power  and  high  frequency  are  important 
components  for  optical  communication  networks  and  systems.  High  power  operation  requires 
efficient  heat  removal  from  the  active  region  of  the  device  and  high  frequency  operation  requires 
careful  consideration  of  electrode  structure  to  minimize  the  deleterious  effects  of  electrical 
parasitics  and  poor  microwave  signal  propagation  [1-3].  Efficient  heat  removal  has  often  been 
achieved  by  mounting  the  laser  ridge  side  down  onto  a  diamond  heat  sink.  The  highest  frequency 
lasers  have  utilized  a  coplanar  waveguide  electrode  geometry  with  thick  metallization  to  minimize 
the  electrical  problems  [3].  The  microstrip  laser,  a  schematic  of  which  is  shown  in  Figure  1,  is 
inherently  an  excellent  thermal  and  microwave  structure  because  of  the  thick  gold  layer  beneath  the 
lower  cladding.  The  schematic  drawing  is  for  a  polyimide  ridge  waveguide  laser.  The  improved 
thermal  properties  result  from  the  high  thermal  conductivity  of  the  gold  layer  which  acts  as  a  heat 
spreader.  The  improved  microwave  properties  result  from  the  high  electrical  conductivity  of  the 
gold  layer,  which  minimizes  slow  wave  effects  and  microwave  signal  attenuation  at  high 
frequency  [1-2]. 
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Polyimide 


Figure  1.  Schematic  of  a  polyimide  ridge  waveguide  microstrip  laser. 


Fabrication  Process 

The  vertical  structure  of  the  microstrip  laser  cannot  be  made  by  standard  growth  and 
fabrication  procedures,  since  it  is  not  possible  to  grow  metal  on  a  semiconductor  and  then  grow 
crystalline  semiconductor  on  top  of  the  metal.  Instead  a  gold-to-gold  fusion  process  is  used.  For 
the  results  presented  here,  a  standard  laser  structure  consisting  of  6  strained  InGaAsP  quantum 
wells  is  grown  in  a  metal  organic  chemical  vapor  deposition  (MOCVD)  reactor.  The  unpatterned 
wafer  is  then  metallized  with  a  Chrome  (Cr)/Platinum  (Pt)/  Gold  (Au)  metallization. 
Simultaneously  we  metallize  an  unpatterned  semi-insulating  (SI)  InP  substrate  with  the  same 
metallization.  Approximately  5000  angstroms  (A)  of  gold  are  put  down  on  each  wafer.  Special 
attention  is  paid  to  wafer  cleanliness  and  surface  preparation  both  before  and  after  the  metal  is 
evaporated.  Following  this  step,  the  wafers  are  placed  in  intimate  contact  with  each  other,  the 
contact  being  made  between  the  gold  faces.  The  wafers  are  then  subject  to  high  pressure  in  a 
special  fixture  at  a  temperature  of  300  °C  for  4  hours.  The  gold  layers  are  fused  together  into  a 
single  layer  during  this  process.  The  original  substrate  upon  which  the  epitaxial  structure  was 
grown  is  removed  in  a  hydrochloric  acid  solution  which  stops  on  an  InGaAs  stop  etch  layer.  The 
epitaxial  layers  (which  now  are  upside  down  relative  to  the  original  growth)  are  then  processed  into 
a  ridge  waveguide  structure.  A  step  is  required  in  which  a  broad  mesa  under  the  ridge  is  formed 
by  etching  through  the  active  region  and  the  lower  cladding  to  the  fused  gold  layer,  since  the  fused 


IWF6-3  /  535 


gold  is  one  of  the  contacts  and  must  be  accessible  by  probes.  A  scanning  electron  microscope 
(SEM)  cross  section  of  a  finished  device  is  shown  in  Figure  2  below. 


Figure  2.  SEM  cross  section  of  a  10  |xm  ridge  waveguide  microstrip  laser. 

Results 

Ridge  waveguide  devices  with  10  |i.m  wide  ridges  were  fabricated  from  material  with  a  p- 
doped,  6  quantum  well  active  region.  These  devices  were  probed  directly  on  the  ridge  and  did  not 
include  any  dielectric  (such  as  polyimide)  planarization  around  the  ridges.  In  addition  to 
fabricating  10  jxm  ridge  microstrip  lasers,  10  pm  conventional  ridge  lasers  were  made  from  the 
same  original  wafer.  The  conventional  ridge  laser  is  a  device  which  was  processed  directly  from 
the  grown  wafer;  there  is  no  gold  fused  layer  nor  substrate  removal  and  the  epitaxial  layers  sit  on 
the  orignal  substrate  on  which  the  layers  were  grown.  Since  the  material  used  to  fabricate  these 
devices  was  grown  p-side  up,  the  microstrip  lasers  had  n-ridges  and  the  standard  lasers  had  p- 
ridges.  Additionally,  standard  broad  area  lasers  with  50  pm  ridges  were  also  fabricated  to  test  the 
material  quality  and  as  a  means  of  comparison  for  the  10  pm  ridges.  Threshold  current  densities 
versus  device  length  are  shown  in  Figure  3  for  all  structures.  The  threshold  current  behavior  of  the 
microstrip  laser  is  not  degraded  relative  to  the  broad  area  structure  or  the  standard  10  pm  ridge 
device.  Variations  in  the  threshold  current  density  from  sample  to  sample  may  be  related  to 
surface  nonuniformity  of  the  original  wafer. 
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Figure  3.  Threshold  current  densities  vs.  device  length  for  10  micron  ridge  waveguide  microstrip 
lasers,  10  micron  ridge  waveguide  conventional  lasers,  and  broad  area  lasers. 


In  addition  to  the  10  micron  ridge  structures,  narrow  polyimide  ridge  waveguide  microstrip 
devices,  such  as  shown  in  the  schematic  Figure  1  were  also  fabricated.  These  structures 
demonstrated  extremely  high  current  continuous  wave  (cw)  operation  even  when  mounted  ridge 
side  up.  A  5  ixm  wide,  620  p.m  long  device  operated  cw  at  currents  above  400  mA.  The  threshold 
currents  in  these  devices  were  high  however,  and  thus  did  not  exhibit  the  expected  higher  power 
operation  that  one  might  otherwise  see  at  such  high  current  levels.  As  Figure  3  shows,  good 
threshold  operation  is  possible  in  these  devices  and  we  expect  that  the  capability  to  run  the  devices 
at  very  high  current  levels  will  result  in  very  high  power  operation. 

The  microwave  propagation  characteristics  on  the  polyimide  ridge  structures  were  also 
measured.  Previous  measurements  on  conventional  ridge  waveguide  lasers  [1]  reported 
microwave  attenuation  along  the  laser  ridge  on  the  order  of  500-600  dB/cm  at  a  freqency  of  40 
GHz.  This  high  frequency  attenuation  is  problematic  for  large  bandwidth  performance.  Similar 
measurements  on  the  microstrip  structure  show  an  attenuation  between  150  and  300  dB/cm  at  40 
GHz  depending  on  the  bias  current.  This  level  of  attenuation  reduces  the  bandwidth  problem 
caused  by  microwave  attenuation  and  should  permit  higher  bandwidth  operation  than  is  possible  in 
a  standard  structure. 
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Introduction 

The  functioning  of  all  active  integrated-optical  (10)  systems,  such  as  modulators, 
switches,  and  wavelength-tunable  filters,  is  based  on  changes  AN  of  the  effective  refractive 
indices  N  of  the  guided  modes.  The  required  AA^-changes  are  normally  induced  either  electro- 
optically  (with  ns-response  times)  or  thermo-optically  (with  ms-response  times). 

We  describe  10  nanomechanical  systems  where  the  AA^-changes  are  induced  by  the  10 
nanomechanical  effect  (with  ps-response  times).  No  electro-optic  materials  are  required;  no 
use  is  made  of  thermo-  or  elasto-optic  effects.  The  systems  comprise  waveguides  on  oxidized 
silicon  (Si/Si02)  or  glass  substrates  and  "effective-refractive-index-shifting  elements  E" 
micromachined  from  Si/Si02  in  the  form  of  bridges  or  cantilevers,  respectively,  spanned  or 
projecting  over  a  waveguide.  The  AN-changes  are  induced  by  (elastic)  nanometer-deflections 
of  the  element  E  under  external  forces.  Potential  applications  are:  active  lO  systems, 
electrically  actuated  by  electrostatic  forces,  and  all-optical  acoustical  sensors. 


lO  nanomechanical  effect 

The  evanescent  tail  of  a  guided  mode  penetrates  through  the  air  gap  of  width  d<X  into 
the  effective-refractive-index-shifting  element  E  (see  Fig.  1).  This  interaction  causes  the 
effective  refractive  index  N  of  the  guided  mode  to  depend  on  d.  Element  E  is  a  nonabsorptive 
dielectric  material,  such  as  Si02  or  glass,  with  refractive  index  n<N.  Consequently,  the 
guided  modes  are  not  attenuated  by  absorption  or  radiation  into  element  E.  For  suitably 
designed  waveguides  and  small  median  air-gap  widths  d^,  width  variations  Ad{t)  of  the  order 
of  nanometers  induce  effective-refractive-index  changes  AN{f)  =  (dN/dd)^^^  ■  Ad(t)  required 
for  10  device  operation  [1,2].  The  sensitivities  (dN/dd)  versus  dQ  were  calculated  for  planar 
and  rib  waveguides.  A  wavelength-scaling  law  holds:  the  required  gap-width  changes  Ad 
scale  with  X,  if  the  thickness  and  width  of  the  waveguide  are  also  scaled  proportional  to  X. 


Fig.  1.  Schematic  cross-sectional  view 
of  effective-refractive-index-shifting 
element  E  and  waveguide  F. 

C,  air  gap;  d,  air-gap  width; 

L^,  interaction  length;  BL,  Si02  buffer 
layer;  S,  substrate  (Si). 

The  evanescent  field  of  the  guided 
mode  interacts  with  the  dielectric 
element  E. 
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Fig.  2.  Electrically  actuated  effective-refractive-index-shifting  elements  E  in  the  form 
of  (left)  a  bridge  spanned  over  or  (right)  a  cantilever  projecting  over  a  rib  waveguide. 

U{t),  time-dependent  voltage;  d{t),  air-gap  width;  S,  substrate  (Si);  BL,  Si02  layer; 

F,  waveguiding  film  (e.g.,  Si3N4);  FE,  etched  film  areas. 

Examples  of  nanomechanical  systems 

Phase  modulators 

A  guided  mode  propagating  in  a  planar  or  rib  waveguide  under  the  effective-refractive- 
index-shifting  element  E  experiences  a  phase  shift  of  A<I>(0  =  l%{LjX)N^{t). 

Interferometric  intensity  modulators/switches 

An  effective-refractive-index-shifting  element  E  is  provided  in  one  leg  of  a  Mach-Zehnder 
interferometer;  the  phase  modulation  A<I)(t)  is  transformed  into  an  intensity  modulation.  In  a 
Mach-Zehnder  interferometer  with  two  output  ports,  a  phase  shift  of  A<I>  =  %  switches  the 
system  from  the  cross  to  the  bar  state.  In  a  polarimetric  interferometer  two  guided  modes  of 
orthogonal  polarization  propagate  simultaneously  in  a  waveguide  under  element  E;  the 
difference  AO(r)  of  their  phase  shifts  is  transformed  into  an  intensity  modulation. 

Wavelength-tunable  Bragg  reflector 

An  element  E  is  positioned  over  a  waveguide  section  with  a  surface  relief  grating  acting  as  a 
Bragg  reflector.  The  centre  wavelength  of  the  Bragg-reflected  band  is  shifted  by 
where  =  ^sNIN. 

These  and  other  examples  are  explained  in  more  detail  in  Refs.  [1-4]. 

The  temporal  response  of  the  lO  nanomechanical  systems  is  determined  by  the  (micro- 
or  nano-)  mechanics  and  dynamics  of  the  element  E.  From  elasticity  theory,  the  elastic 
deflections  of  bridges,  cantilevers,  and  membranes  under  external  forces  or  pressures  are 
calculated,  and  thus  their  compliances  and  eigenfrequencies.  The  response  time  is  given  by 
the  reciprocal  of  the  lowest  eigenfrequency. 

Electrically  actuated  nanomechanical  systems 

Electrically  actuated  nanomechanical  systems  with  cantilevers  or  bridges  as  effective- 
refractive-index-shifting  elements  E  are  schematically  shown  in  Fig.  2.  An  electric  voltage 
U{t)  =  Uq  +  AUit)  is  applied  between  the  two  plates  of  the  capacitor.  The  resulting  attractive 
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force  is  proportional  to  +  2UQAU(t).  With  the  d.c.  voltage  Uq  the  median  gap 

width  cIq,  and,  thus,  the  system's  sensitivity  is  adjusted;  the  a.c.  voltage  produces  the  gap- 
width  variations  Ad(t)  and  the  effective-refractive-index  changes  AN(t).  We  demonstrated 
intensity  modulation  with  a  polarimetric  interferometer  [5-7]  and  with  a  Mach-Zehnder 
interferometer  [8],  also  wavelength-tunable  Bragg-reflectors  [9]  and  Fabry-Perot's  [6]. 

lO  microphone 

With  an  effective-refractive-index-shifting  element  E  in  form  of  a  thin  membrane  a 
polarimetric  (or  Mach-Zehnder)  interferometer  becomes  an  10  microphone.  We 
demonstrated  the  functioning  of  such  a  microphone  with  an  a-few-mm^-large  membrane 
etched  in  silica  [10].  The  compliance  of  the  membrane  has  to  be  high  and  the  compressibility 
of  the  air  cushion  in  the  gap  and  damping  by  viscous  air  flow  have  to  be  taken  into  account. 

Conclusions  and  outlook 

10  nanomechanical  systems  were  fabricated  with  waveguides  on  oxidized  silicon  and 
by  micromachining  of  the  effective-refractive-index-shifting  elements  E  in  form  of 
cantilevers,  bridges,  or  membranes.  Bulk  micromachining  was  employed;  the  two  chips  with 
the  waveguides  and  the  element  E,  respectively,  were  bonded.  Surface  micromachining  may 
be  preferable. 

All-optical  lO  microphones  which  directly  transform  sound-pressure  variations  into 
light-intensity  modulation  are  feasible. 

Electrically  actuated  nanomechanical  systems  have  attractive  features  as  follows:  low 
switching  energies,  low  operating  voltages,  and  ps-response  times.  Their  integration  with 
IC’s  on  the  same  silicon  chip  should  be  possible. 
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Introduction 

The  growing  optical  communications  and  measurement  market  requires  low-cost,  high- 
performance  optoelectronic  modules  such  as  laser-to-fiber  couplers,  tunable  lasers,  scanners, 
interferometers,  etc.  Unlike  integrated  electronic  circuits,  integrated  optical  systems  require 
precise  alignment  of  components.  A  misalignment  of  less  than  1  pm  can  dramatically  decrease 
system  performance.  While  silicon-optical-bench  (SOB)  technology  provides  for  hybrid 
integration  of  semiconductor  lasers,  lenses,  and  optical  fibers  on  a  silicon  chip,  it  is  typically 
limited  to  ±1  |xm  alignment  tolerances  (without  external  adjustment).  Another  limitation  is  the 
lack  of  on-chip  actuated  optical  components  (such  as  mirrors,  gratings,  lenses,  etc.)  As  a  result, 
SOB  technology  applications  have  been  limited  to  simple  systems  with  no  more  than  three  or  four 
components.  To  overcome  these  limitations  a  micromachined  free-space  optical  platform  has  been 
proposed  [1,2].  By  combining  micromachined  movable  optical  components  with  lasers,  lenses, 
and  fibers  on  a  silicon  substrate,  we  can  produce  complex  self-aligning  optical  systems  on  a  chip. 
In  order  to  function  in  a  self-contained  optical  module,  the  micromachined  components  must  have 
sufficient  precision  and,  where  required,  must  have  on-chip  actuation.  In  this  paper,  we  present 
an  actuated  micromachined  microreflector  with  two  degrees  of  freedom  and  on-chip  resonant 
electrostatically  driven  impact  actuations. 

Design 

The  actuated  microreflector  (Figure  1) 
was  designed  for  laser-to-fiber  coupling  and 
external-cavity-laser  applications.  It  consists 
of  a  polysilicon  mirror  plate  hinged  to  a 
support  beam.  Each  of  these  is,  in  turn,  hinged 
to  a  vibromotor-actuated  slider.  Microhinge 
technology  [3]  allows  the  joints  to  rotate  out 
of  the  plane  of  the  substrate  to  achieve  large 
aspect  ratios.  Common-mode  actuation  of  the 
sliders  results  in  translational  motion,  while 
differential  slider  motion  produces  out-of¬ 
plane  mirror  rotation.  These  motions  permit 
the  microreflector  to  position  an  optical  beam 
in  two  dimensions. 


Figure  1.  Scanning  electron  micrograph  of  a  released 
and  assembled  actuated  microreflector. 
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Each  of  the  two  sliders  is  actuated  with 
an  integrated  microvibromotor.  The 
vibromotor  consists  of  four  electrostatic-comb 
resonators  with  attached  impact  arms  driving  a 
slider  through  oblique  impact.  To  balance  the 
forces,  two  opposing  impacters  are  used  for 
each  direction  of  travel.  The  comb  structures 
are  driven  at  their  resonance  frequency 
(roughly  8.2  kHz)  thereby  achieving  an 
amplification  of  the  electrostatic  force  by  the 
resonator  quality  factor  (typically  30  to  100  in 
air  [4,5]).  Since  energy  is  transferred  to  the 
slider  only  during  impact  (typically  lasting  only 
a  few  microseconds),  the  impacters  can  deliver 
short-duration  forces  that  are  large  enough  to 
overcome  static  friction  in  the  sliders  and 
hinges.  Slider  velocity  can  be  controlled  by 
driving  the  comb  drives  with  gated  bursts  of  the 


Figure  2.  Experimental  setup  for  actuated 
microreflector  scanning  precision  measurements. 


resonant  waveform. 


Fabrication 

The  actuated  microreflector  was  fabricated  on  a  silicon  substrate  using  silicon-surface 
micromachining  technology.  The  fabrication  process  is  described  in  detail  in  [1,6].  A  special  pre¬ 
release  etch  in  5:1  HF  followed  by  a  vigorous  rinse  is  used  to  eliminate  stringers.  Finally,  the 
structure  is  released  for  10  minutes  in  concentrated  HF  and  dried  using  a  critical-point  CO2  drier 
[7]  to  avoid  sticktion. 


Characterization 

Characterization  of  the  vibromotor  alone  has  been  described  in  a  previous  publication  and 
has  shown  the  slider  motion  to  have  a  step  resolution  of  less  than  0.3  |im  [8].  In  this  paper. 
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Figure  3.  Vertical  beam  position  200  pm  from  the  Figure  4.  Horizontal  beam  deviation  200  pm  from 
micromirror.  These  data  show  a  0.6  pm  standard  the  micromirror  during  a  vertical  scan.  A  standard 
deviation  from  an  ideal  response.  Standard  deviation  of  0.05  pm  and  a  maximum  deviation  of 
deviations  up  to  0.81  pm  were  measured.  0.16  pm  was  measured. 
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vibromotor  performance  in  an  integrated 
microreflector  system  is  characterized.  The 
precision  of  the  actuated  microreflector  is 
measured  using  the  experimental  setup  shown 
in  Figure  2.  A  HeNe  laser  is  reflected  from  the 
micromirror  surface  onto  a  CCD  camera.  As 
the  rear  slider  is  actuated,  the  beam  position 
along  each  of  the  two  axes  is  measured  on  the 
CCD  and  extrapolated  to  a  location  200  (im  in 
front  of  the  mirror  (where  a  fiber  would 
typically  be  positioned  for  a  laser-to-fiber 
coupling  application).  The  micromirror  is  able 
to  position  the  beam  with  a  standard  deviation 
of  0.81  pm  and  a  maximum  deviation  of  1.5  pm 
(Figure  3)  in  the  vertical  dimention.  This 
deviation  is  due  primarily  to  the  wobble  in  the 
slider  structure.  The  horizontal  beam  deviation 
is  0.05  pm  (Figure  4)  and  is  comparable  to  the 
0.07  pm  deviation  measured  in  externally 
actuated  structures.  This  precision  is  suflTicient  for  laser  to  single-mode  fiber  coupling 
applications  where,  due  to  lens  magnification,  the  beam  only  needs  to  be  within  1-2  pm  for  high 
coupling.  However,  for  external  cavity  laser  applications  a  higher  precision  is  necessary.  Since  in 
earlier  experiments  a  microreflector  with  no  on-chip  actuators  and  an  alternate  hub  design  has 
shown  a  vertical  precision  of  0.17  pm  [6],  a  redesign  of  the  actuated  slider  should  greatly  improve 
its  precision. 

To  demonstrate  the  use  of  the  actuated  micromirror  in  scanning  and  beam-positioning 
applications,  a  reflected  HeNe  beam  was  imaged  on  a  position-sensitive  detector  while  the  angular 
position  of  the  mirror  was  swept  in  real  time.  The  vibromotor  was  driven  with  bursts  of  four 
20  V  (p-p)  resonant  (8.2  kHz)  square-wave  cycles  spaced  10  ms  apart  in  series  with  a  40  or  38  V 
dc  offset.  The  resulting  output  (Figure  5)  clearly  shows  the  stepwise  nature  of  the  mirror  motion. 
The  average  speed  of  the  sweep  can  be  changed  by  varying  the  spacing  of  the  bursts.  Figures  5a 
and  5b  also  demonstrate  that  the  size  of  the  step  itself  depends  on  the  applied  voltage  and  can  be 
controlled.  With  an  average  angular  step  size  of  5  mrad,  the  microreflector  has  a  maximum 
estimated  scan  rate  of  10.2  rad/s  or  a  beam  speed  of  2  mm/s  on  a  plane  200  pm  in  front  of  the 
reflector. 

Conclusion 

In  conclusion,  we  have  fabricated  and  characterized  an  on-chip  actuated  micromachined 
microreflector  for  use  in  integrated  optical  systems  on  a  silicon  chip.  The  microreflector  has  two 
degrees-of-ffeedom  and  is  able  to  position  an  optical  beam  in  two  dimensions.  It  is  designed  for 
use  in  self-contained  laser-to-fiber  coupling  modules,  integrated  external-cavity  devices,  as  well  as 
other  silicon-optical-bench  applications  requiring  precise  optical  alignment.  The  reflector  is 
capable  of  positioning  an  optical  beam  a  fiber  with  a  resolution  of  0.81  pm,  and  a  significantly 
higher  precision  is  expected  in  future  designs.  We  have  also  demonstrated  repeatable  beam 
scanning,  with  the  scanning  speed  and  step  size  determined  by  the  applied  electrical  signal.  The 


time  (s) 

Figure  5.  Beam  scanning  with  the  actuated  micro¬ 
reflector.  In  (a)  a  40  V  dc  offset  was  used,  resulting  in 
0. 7-1.1  pm  step  size  on  the  plane  200  pm  from  the 
micromirror,  while  in  (b)  a  38  V  dc  offset  produces 
0.3-0.6  pm  steps. 
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actuated  microreflector  and  devices  like  it  mark  an  important  step  towards  making  useful  and 
cost-effective  miniaturized  integrated  optical  system. 
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Introduction 

Resonant  and  galvanometric  optical  scanners  have  long  been  used  for  various 
scientific  and  industrial  applications.  The  typical  attributes  of  these  scanners  are  fast  scan  speeds, 
large  scan  angles,  and  low  mass.  In  this  paper,  we  present  the  design  and  fabrication  of  a  sihcon- 
surface-micromachined  resonant  microscanner  that  has  a  large  scan  angle,  a  fast  scan  rate, 
extremely  small  mass,  and  a  low  operating  power.  The  integration  of  the  scanner  optics  and  the 
driving  motor(s)  and  potentially  the  electronics  is  carried  out  as  part  of  the  fabrication  process, 
which  avoids  major  technical  challenges  such  as  the  assembly  of  mirrors  and  motors  in  the  bulk 
optical  scanner  system.  The  compact  microscanner  also  makes  packaging  a  much  easier  task. 
With  the  scanner  module  integrated  on  a  silicon  chip,  the  microscanner  can  be  packaged  in  a 
vacuum  which  alleviates  the  adverse  effects  from  the  environment.  Vacuum  packaging  is, 
however,  very  difficult  and  costly  to  do  in  a  bulk-scanner  system.  We  will  discussed  single-mirror 
scanners  that  are  capable  of  high-speed  scanning  with  a  large  scan  angle.  These  single-mirror 
scanners  can  be  combined  to  form  more  complicated  microscanners  like  the  system  shown  in  Fig. 
1,  which  is  an  SEM  micrograph  of  one  of  the  microscanner  systems  that  we  have  fabricated.  The 
two-mirror,  two-axis  raster  scanner  finds  a  wide  range  of  applications  in  areas  such  as 
communications,  medicine,  and  entertainment,  among  others. 

Silicon-surface-micromachining  technology  has  been  used  to  fabricate  micro-optical  devices 
such  as  movable-micromirrors  for  building  optical  components  and  communication  subsystems 
[1-5].  Motorized  micromirrors  with  actuators  integrated  on  the  same  chip  (such  as  those  in  [1,  2]) 
are  of  particular  interest  because  they  make  possible  truly  miniaturized  systems.  Several  authors 
have  proposed  different  microscanner  schemes  [6,  7]  to  be  used  for  optical  scanning.  For  practical 
optical-scanner  systems,  however,  the  smallest  optical  aperture  (such  as  that  of  the  mirror  in  our 
case)  has  to  be  large  enough  to  insure  sufficient  image  resolution.  In  order  to  create  high-aspect- 
ratio  optical  surfaces  with  dimensions  in  the  hundreds  of  |xms  while  taking  advantage  of  the  planar 
integrated-circuit  processing  technology,  polysilicon  microhinges  [8]  are  incorporated  in  our 
microscanner  structure.  The  microhinges  allow  the  micromirrors  to  be  lifted  out  of  the  plane  of 
the  substrate  after  processing  is  completed. 

Scanner  Fabrication 

Three  layers  of  structural  polysilicon  (each  2  ^im  thick)  are  used  to  build  the  resonant 
scanner.  Oxide  is  used  as  the  sacrificial  material  separating  the  different  polysihcon  layers.  The 
silicon  substrate  is  first  passivated  by  thermal  silicon  dioxide  and  nitride.  Then  on  top  of  a  0.5-p,m- 
thick  film  of  phosphorous-doped  polysilicon  ground  plane  for  the  electrostatic  comb  motor,  a 
layer  of  sacrificial  oxide  is  deposited.  Indentations  are  made  on  the  oxide  surface  to  create  dimples 
in  the  subsequent  polysilicon  layer.  The  dimples  reduce  the  surface-contact  area  and,  therefore. 
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the  “stiction”  between  the  two  surfaces.  The  first  structural  polysilicon  layer  is  then  deposited  and 
patterned  to  form  the  electrostatic  comb  drive,  the  back  support,  the  slider  and  the  bottom  plate 
of  the  hinge  structures.  The  pins  in  the  hinges  and  the  guide  for  the  slider  are  defined  in  the 
second  polysilicon  layer.  Lastly,  the  third  structural  polysilicon  layer  is  used  to  form  the  mirror 
and  the  staples  of  the  pins  to  finish  the  hinge  structures.  Through-holes  are  etched  in  the  larger 
polysilicon  areas  in  the  last  processing  step  to  reduce  the  final  wet-etching  time  in  concentrated 
HF  used  to  “free”  the  mechanical  parts.  Once  the  sacrificial  oxide  is  removed,  the  released 
polysilicon  structures  are  free  to  be  moved  and  assembled. 


Fig.  1  SEM  photograph  of  a  two-mirror,  two-axis 
microscanner.  An  electrostatic-comb  motor  is  attached 
to  the  bottom  of  each  of  the  two  scanning 
micromirrors.  The  size  of  both  of  the  micromirrors  is 
300  by  500  pm. 


- measured  response 

. fitting  cur\« 


Fig.  2  The  frequency  response  of  the  resonant 
microscanner.  A  9-V  ac  voltage  on  top  of  a  30-V  dc 
voltage  is  applied  to  the  driving  motor.  The  dotted 
trace  is  the  theoretical  curve  modeling  the  scanner  as  a 
linear  forced-oscillation  system. 


Characterization 

To  characterize  the  performance  of  our  resonant  microscanner  systems,  an  one-mirror 
microscanner,  similar  to  the  one  shown  in  the  left  of  Fig.  1 ,  is  used  in  the  experiments  described  in 
the  following  paragraphs.  The  micromirror  in  the  scanner  measures  200  by  250  |i.m,  and  the  shafts 
around  which  the  mirror  pivots  are  160  pm  below  the  top  of  the  mirror.  The  maximum  excursion 
of  the  bottom  of  the  mirror  is  limited  to  below  20  pm  each  side  (swings  two  sides  when  the 
scanner  is  driven  on  resonance)  from  its  rest  position  in  our  initial  design.  At  150  pm  away  from 
the  rotation  axis  of  the  mirror,  a  20  pm  displacement  results  in  a  7.6°  rotation  of  the  mirror.  In 
other  words,  the  upper-limit  of  the  scan  angle  of  this  resonant  scanner  is  15°  (30°  optical)  if  the 
motor  is  driven  by  a  sufficiently  large  voltage.  This  scan  angle  compares  favorably  with  typical 
performance  characteristics  obtained  in  bulk  resonant  scanners  available  at  present  [9]. 

The  frequency  response  and  the  maximum  scan  range  of  the  resonant  microscanner  are 
measured  by  bouncing  the  light  beam  of  a  He-Ne  laser  off  the  scanning  micromirror  and  observe 
the  scan-line  imaged  on  a  screen  that  has  the  angular  vernier  marks  on  it.  In  addition  to  a  30-V  dc 
supply,  an  sinusoidal  voltage  (9  V  in  amplitude)  with  varying  frequencies  is  applied  to  the 
electrostatic  comb  motor.  The  force  exerted  by  the  electrostatic  comb  on  the  scanning  mirror  can 
be  written  as 

F  =  ^C  •  =  HC»  (Vdc  +  Vac  cos  cot  )^ 
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=  ^  C  •  (Vdc^  +  2  Vdc  Vac  COS  cot  +  Vac^COS^  cof) 

=  HC»  (Vdc^  +  ^  Vac^  +  2  Vdc  Vac  COS  (Ot  +  ^  Vac  COS  2(Ot)  (1) 

where  C  is  the  capacitance  of  the  electrostatic  comb  drive  and  V  is  the  applied  voltage  amplitude. 
Vdc  and  Vac  stands  for  the  dc  and  ac  voltage  amplitude,  respectively,  and  co  is  the  angular 
frequency  of  the  ac  input.  The  measured  large-signal  frequency  response  of  the  resonant 
microscanner  system  is  plotted  in  Fig.  2.  The  microscanner  resonates  at  3  kHz  with  a  system  Q- 
factor  calculated  to  be  2.8.  The  dotted  curve  is  the  theoretical  model  of  a  forced-damped- 
oscUlation  with  a  damping  force  proportional  to  the  linear  velocity  of  the  moving  parts  in  the 
mechanical  system.  The  optical  scan  angle  shown  in  this  plot  has  a  peak  value  of  27°.  The  28° 
maximum-scan-angle  of  this  microscanner,  limited  by  the  geometry  of  the  structure  in  this 
particular  design,  is  obtained  when  the  ac  voltage  input  amplitude  is  increased  to  9.5  V.  The  hump 
around  1.5  kHz  in  the  measured  curve  is  due  to  the  second  harmonic  (the  last  term  in  equation 
(1))  of  the  ac  voltage. 

One  important  issue  for  optical  scanners  is  the  scan-line  repeatability  between  scans.  To 
characterize  it,  the  resonant  microscanner  is  put  in  an  optical  interferometric  setup  similar  to  the 
one  depicted  in  Fig.  5  of  [1].  The  cleaved  facet  of  the  optical  fiber  forms  a  Fabry-Perot 
interferometer  with  the  tip  of  the  scanning  micromirror  (Fig.  3a)  that  can  measure  the  mirror 
displacement  with  a  resolution  of  10  nm.  The  detected  interference  pattern  with  a  1.5  kHz  ac 
voltage  applied  to  the  motor  is  shown  in  Fig.  3b.  The  scan  repeatability  is  determined  by 
comparing  the  turning  points  of  the  periodic  interference  pattern,  at  which  points  the  mirror 
changes  its  scan  direction  and  therefore  are  the  end  points  of  the  scan  hnes.  For  our  present 
microscanner  system,  the  deviation  for  the  ends  of  the  scan  lines  is  typically  measured  to  be  less 
than  1/4  of  an  optical  cycle,  or  0.16  pm  for  a  1.3  pm  laser  source  in  the  interferometer.  This  small 
inaccuracy  is  caused  by  the  sloppiness  in  the  hinges  that  we  have  used  in  our  current  scanner 
structures  and  can  be  further  improved  by  employing  different  types  of  mirror  hinges  such  as 
torsion  bars. 


input  laser 


Fig.  3a  Schematic  drawing  of  the  Fabry-Perot 
interferometer  formed  between  the  fiber  front  facet 
and  the  top  of  the  scanning  micromirror. 


Input  voltage 


Fig.  3b  Detected  interference  signal  from  the  setup 
shown  in  Fig.  3a.  The  microscanner  is  driven  on 
resonance  at  3  kHz  with  a  20-V  ac  voltage. 


Application 

One  application  of  resonant  scanners  are  as  barcode  readers  which  are  widely  used  for  automatic 
object-identification  in  many  industries.  We  have  demonstrated  barcode  scanning  using  our 
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resonant  microscanner  with  the  experimental  setup  as  depicted  in  Fig.  4  [10].  The  universal 
product  code  (UPC)  barcode  from  the  package  of  a  commercial  product  is  used  in  the 
experiment,  and  Fig.  5  shows  the  recorded  signal  that  corresponds  to  the  center  portion  of  the 
barcode  as  indicated  by  the  arrow.  This  result  is  obtained  by  driving  the  scanning  micromirror  off 
resonance  (at  2  kHz)  with  a  sinusoidal  voltage  of  20  V  in  amplitude  (i.e.  the  mirror  is  scanning 
at  an  angle  of  ~  4.5°).  The  linear  scan-range  can  be  increased  to  cover  the  entire  barcode  with 
sufficient  resolution  for  code  recognition  when  the  driving  voltage  amplitude  to  the  microscanner 


Conclusion 

To  summarize,  we  have  designed  and  fabricated  resonant  optical  microscanners  using 
silicon-surface-micromachining  technology.  Constructed  with  an  electrostatic  comb  motor  to 
drive  a  200  by  250  \im  micromirror,  the  microscanner  has  a  maximum  scan  angle  of  28°  (optical) 
and  a  resonant  frequency  of  3  kHz.  The  microscanner  has  been  demonstrated  to  be  a  viable 
building  block  as  the  scanning  component  in  a  barcode  reader.  The  small  size,  light  weight,  low 
operating  power,  and  potentially  low  cost  make  it  attractive  for  numerous  applications  of  optical 
scanning  systems. 
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Abstract 

We  discuss  a  Ill-V-based  monolithically  integrated  measurement  microsystem  for  optical 
displacement  sensing.  The  sensor,  consisting  of  a  Michelson  interferometer  with  an  integrated 
DBR  laser  and  waveguide  photodetector,  has  been  fabricated  on  a  single  GoAs  substrate. 
Alignment  requirements  are  reduced  to  that  of  a  lens  for  beam  collimation;  displacement 
measurements  with  sub-lOOnm  resolution  have  been  performed.  The  same  technology  may 
also  be  employed  for  integrated  optical  refractometric  chemical  sensors. 

Introduction 

Photonic  integrated  circuits  (PICs),  well  developed  for  telecommunications  applications  [1], 
show  considerable  promise  for  use  in  sensors  and  metrology.  The  ability  to  integrate  most  or 
all  optical  functions  on  a  single  semiconductor  chip  will  yield  small,  robust  and  highly  func¬ 
tional  optical  sensor  microsystems.  The  small  size  and  reduced  need  for  complex  optical 
alignment  suggests  that  such  integrated  optical  chips  may  be  used  as  components  in  micro- 
optical  systems,  as  part  of  a  more  complex  MEMS  device  or  in  environments  where  the  use  of 
a  bulk  optical  approach  is  precluded.  As  a  demonstration  of  the  potential  utility  and  attractive¬ 
ness  of  such  a  monolithic  system,  we  discuss  here  the  use  of  III-V  devices  and  integration 

technology  for  the  fabrication  of  a 
monolithic  optical  displacement  sensor 
circuit. 

This  physical  displacement 
measurement  chip  was  configured  as  a 
Michelson  interferometer  and  included 
a  monolithically  integrated  DBR  laser, 
waveguide  coupler  and  waveguide 
photodetector  as  shown  schematically 
in  Figure  1.  While  requiring  only  the 
alignment  of  an  external  GRIN  lens 
Figure  1  -  Schematic  view  of  a  Michelson  inter-  for  beam  collimation,  the  chip  was 
ferometer  used  for  displacement  measurement,  used  for  displacement  measurements 
The  measurement  beam  is  reflected  from  an  with  sub- 100  nm  resolution  at  a  meas- 
external  object  and  returns  to  the  interferometer  urement  distance  of  up  to  0.45  m  [2]. 
chip. 
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Technology  and  component  characteristics 

The  integration  of  the  waveguides,  lasers  and  photodetectors  for  the  Michelson  interferometer 
was  accomplished  by  the  use  of  a  single  heterostructure  layer  design.  On  a  GaAs  substrate,  a 
1.1  p.m  thick  n-type  Alo.8Gao.2As  lower  cladding,  165  nm  thick  Alo.3Gao.7As  core  region  with  a 
single,  7  nm  wide  quantum  well,  and  a  0.8  |im  thick  p-type  Alo.8Gao.2As  upper  cladding  were 
grown  by  MOVPE;  the  structure  was  capped  by  a  100  nm  thick  highly-doped  p"^  GaAs  layer. 
Most  process  details  have  appeared  elsewhere  [3];  we  discuss  here  a  few  relevant  points. 

An  optical  integrated  circuit  requires  that,  at  the  operating  wavelength,  the  waveguide 
regions  be  transparent  whereas  the  laser  pumped  region  and  detector  should  be  absorbing;  this 
is  shown  schematically  by  the  hatched  and  clear  regions,  respectively,  of  Figure  1.  A  con¬ 
trolled  change  in  the  shape  of  the  quantum  well  allows  tuning  of  the  emission  or  absorption 
wavelength;  this  was  accomplished  through  vacancy-enhanced  disordering  (VED),  a  process 
which  uses  two  different  surface  dielectrics  (Si02  and  SrF2)  during  a  high  temperature  anneal 
step.  During  VED,  the  absorption  edge  of  the  waveguide  regions  could  be  selectively  blue- 
shifted  by  up  to  68  nm  while  shifting  the  photodetector  and  pumped  regions  of  the  DBR  laser 
less  than  10  nm.  For  the  Michelson  interferometer  chip,  a  smaller  wavelength  shift  was  used; 
measurements  showed  that  laser  performance  was  not  notably  degraded  by  this  short  high- 
temperature  anneal  step  [4]. 

The  DBR  laser  was  designed  for  simple  fabrication,  without  epitaxial  re-growth.  A  3rd 
order,  holographically-defined  grating  with  a  period  of  385  nm  was  positioned  in  a  dry-etched 
recess  in  which  most,  but  not  all,  of  the  upper  cladding  was  removed.  The  depth  of  this  recess, 
and  the  depth  of  the  dry-etched  grating,  allow  accurate  determination  of  the  grating  coupling 
coefficient,  k;  kL  ~  4  for  the  L  =  200  |xm  long  grating.  This  value  is  high  enough  for  good  la¬ 
ser  performance  but  low  enough  to  allow  sufficient  light  to  enter  the  interferometer.  The 
grating  was  used  as  a  reflector  on  the  interferometer-side  of  the  laser;  the  opposite  mirror  was 
formed  by  a  cleaved  facet  (see  Figure  3). 


(a)  (b) 


Figure  2  -  Output  characteristics  of  the  DBR  laser  used  to  drive  the  interferometer 
circuits:  (a)  output  power  from  the  cleaved  facet;  (b)  optical  spectrum;  (c)  tempera¬ 
ture  wavelength  tuning. 


In  Figure  2a,  the  PI  characteristic  of  a  discrete  DBR  laser  shows  a  threshold  current  of 
26  mA,  implying  Jth  =  1.3  kA/cm^;  total  internal  quantum  efficiency  is  T|  =  26%.  Maximum 
optical  output  power  exceeded  5  mW.  Emission  wavelength  was  nominally  820  nm  at  room 
temperature,  as  seen  in  the  spectrum  of  Figure  2b.  The  wavelength  could  be  temperature  tuned 
(AT  =  20°)  over  600  GHz  without  mode-hops  as  seen  in  Figure  2c,  as  measured  on  a  different 
sample;  temperature  sensitivity  of  Jth  is  given  by  To  =  101  K.  The  monomode  behavior  of  the 
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laser  is  evident  from  the  spectrum;  side  mode  suppression  ratio  is  greater  than  27  dB.  Self¬ 
heterodyne  measurements  showed  an  optical  linewidth  value  of  500  kHz,  giving  a  coherence 
length  of  600  m. 

The  500  |xm  long  waveguide  detectors  remained  absorbing  after  the  VED  step.  Typical 
responsivity  values  were  0.6  A/W  at  820  nm,  implying  a  quantum  efficiency  of  91%.  Meas¬ 
ured  dark  currents  were  500  pA  for  3x500  pm^  area.  The  detectors  were  optically  isolated 
from  the  DBR  laser  by  an  etched  isolation  trench  and  electrically  isolated  by  patterned  ET 
implantation. 


Integrated  displacement  sensor 


As  shown  in  the  photograph  of  Figure  3,  the  monolithically  integrated  displacement  meas¬ 
urement  chip  includes  the  DBR  laser,  waveguide  interferometer  and  photodetector  on  a  single 
piece  of  GaAs,  thus  requiring  no  physical  alignment  of  these  components.  The  interferometers 
are  less  than  300  pm  wide  and  total  chip  length  is  2  mm. 


Detector 


Measurement 
beam 


Reference 
beam 


Figure  3  -  Photograph  of  the  Michelson  interferometer  chip  used  for  displacement 
measurements.  Cleaved  facets  form  the  left  and  right  edges  of  the  chip. 


A  GRIN  lens,  with  pitch  0.23,  was  used  for  collimation  of  the  measurement  beam  leav¬ 
ing  the  interferometer;  this  alignment  was  the  only  physical  adjustment  of  the  microsystem 
necessary.  A  semi-transparent  mirror  was  used  as  a  test  measurement  object;  a  CCD  camera 
behind  the  mirror  was  used  to  adjust  the  system  into  autocollimation.  The  detector  output  cur¬ 
rent,  giving  the  interference  signal,  for  a  measurement  distance  of  3  cm,  is  shown  in  Figure  4. 
Mirror  displacement  was  limited  to  20  pm  by  the  piezo  actuators,  but  we  see  that  49  interfer¬ 
ence  fringes  are  traversed  for  this  displacement.  Based  on  this  output  signal,  which  corre¬ 
sponds  to  an  object  displacement  of  about  400  nm  per  fringe,  sub- 100  nm  system  resolution  is 
easily  achieved.  Higher  resolution  values  may  be  reached  with  additional  optical  signal  proc¬ 
essing  and  improved  system  contrast.  Maximum  measurement  distance  was  about  45  cm,  the 
contrast  of  the  signal  decreasing  for  longer  distances. 

The  interference  characteristic  shows  a  considerable  offset  current,  due  to  optical  cou¬ 
pling  directly  from  the  laser  into  the  detector  despite  the  etched  optical  isolation;  this  crosstalk 
may  be  reduced  by  inclusion  of  optically  non-transparent  layers  on  the  trench  sidewalls.  The 
limitation  of  measurement  distance  (45  cm)  is  due  to  the  increased  linewidth  of  the  emitted 
measurement  beam:  a  linewidth  of  300  MHz  was  measured  for  optical  signal  emitted  from  the 
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interferometer.  A  linewidth  in  this  range 
implies  a  coherence  length  of  1  m,  and  is 
likely  due  to  interface  reflections  and  feed¬ 
back  into  the  DBR  laser.  Improved  facet 
coatings  and  process  optimization  should 
diminish  this  effect. 

Future  designs  will  incorporate  a 
phase-shifted  second  reference  beam,  in¬ 
duced  by  an  integrated  waveguide  phase 
modulator,  for  measurement  of  two  signals 
in  phase  quadrature  and  thus  determination 
of  displacement  direction.  In  addition,  the 
use  of  a  vertically  emitting,  focusing  grating 
coupler  [5]  would  remove  the  necessity  for 
the  alignment  step  still  required,  namely  that 
of  the  GRIN  lens. 


Figure  4  -  Measured  interferogram 
for  an  external  object  at  a  distance  of  3  cm 
displaced  by  20  pm.  49  interference 
fringes  are  seen. 


The  fabrication  and  device  technology  developed  for  this  monolithic  displacement  sen¬ 
sor  has  also  been  demonstrated  to  be  suitable  for  other  types  of  optical  sensing  platforms,  par¬ 
ticularly  for  chemical  analysis.  Using  a  Mach-Zehnder  interferometer  configuration,  for 
example,  changes  in  the  refractive  index  of  an  external  medium,  such  as  a  chemical  or  bio¬ 
logical  solution,  can  be  measured.  Since  the  same  process  technology  for  the  optoelectronic 
components  as  described  above  is  used  for  this  type  of  chemical  sensor,  arrays  of  highly  func¬ 
tional  optical  sensors  based  on  GaAs  may  be  fabricated. 


Applications  and  conclusions 

We  have  discussed  the  design  and  performance  of  a  monolithically  integrated  optical 
sensor  microsystem  based  on  III-V  technology.  Accurate  displacement  measurement  using  a 
sensor  PIC  such  as  that  described  may  be  relevant  as  a  monitor  of  the  position  or  movement  of 
micromachined  actuators,  diaphragms  or  microbeams  or  as  part  of  a  micro-metrology  system. 
The  small  physical  size  of  the  optical  chip  and  its  reduced  optical  assembly  requirements  sug¬ 
gest  that  uses  in  microsystems  where  space  is  at  a  premium,  or  robustness  essential,  may  be 
attractive.  The  monolithically  integrated  approach  implies  that  robust  and  sensitive  physical 
and  chemical  measurement  microsystems  may  be  fabricated  in  a  single  chip,  with  the  atten¬ 
dant  opportunity  of  directly  integrating  multi-sensor  arrays. 
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Abstract:  We  demonstrate  a  surface-normal  GaAs  Fabry-Perot  filter  with  70  nm  continuous  tuning 
range  requiring  5V  tuning  voltage.  Micromechanical  tuning  is  achieved  by  electrostatically  deflecting 
the  top  mirror  of  the  resonator  which  is  freely  suspended  as  a  cantilever. 

Introduction 

Wavelength  division  multiplexing  (WDM)  has  shown  great  promise  for  increasing  both  the 
transmission  bandwidth  and  the  routing  capability  of  optical  communication  systems  [1].  However, 
although  many  proposals  for  WDM  systems  exist,  implementation  of  practical  systems  has  been  limited 
by  currently  available  device  technology  [2,3]. 

In  this  talk,  we  discuss  a  widely  tunable  micro-mechanical  surface-normal  transmission  filter.  The 
filter  is  part  of  a  family  of  surface  normal  devices  including  tunable  detectors  [4],  LED's  [5],  and  lasers 
[6]  which  use  micromechanical  motion  for  tuning.  The  advantage  of  using  micromechanical  tuning  is 

that  wide  continuous  tuning  can  be  achieved  (AXA.  »  1%).  Indeed,  micromechanical  filters  have 
achieved  record  tuning  of  70  nm.  In  addition,  because  the  devices  are  voltage  tuned,  tuning  power  is 
negligible.  Further,  the  surface-normal  geometry  offers  the  advantages  of  circular  modes,  compatibility 
with  multi-mode  fiber,  2-D  arrays,  and  polarization  insensitivity.  Finally,  the  device  fabrication 
process  is  simple  and  high  yield,  requiring  only  two  non-critical  lithography  steps.  We  feel  that  these 
merits  combine  to  make  these  filters  ideal  cost-effective  components  for  practical  implementation  of 
WDM  systems. 

Device  Operation 

Figure  1  shows  a  schematic  of  the  tunable  filter.  A  resonant  cavity  fabry-perot  (FP)  cavity  is  formed 
between  two  distributed  bragg  reflector  (DBR)  mirrors  which  are  doped  to  form  a  p-n  junction.  The 
upper  DBR  mirror  is  freely  suspended  1.2  pim  above  the  substrate  by  a  cantilever  structure.  The  lower 
DBR  mirror  is  fixed  in  the  substrate.  As  a  tuning  voltage  is  applied  to  reverse  bias  the  junction 
between  the  cantilever  and  the  substrate,  electrostatic  attraction  causes  deflection  of  the  cantilever 
towards  the  substrate.  As  the  cantilever  is  deflected  toward  the  substrate,  the  FP  cavity  length 
decreases  thereby  tuning  the  resonant  wavelength  of  the  cavity.  Deflection  of  only  0.33  f4m  causes  the 
FP  resonant  wavelength  to  tune  from  970  nm  to  900  nm.  Since  the  top  mirror  is  moved  over  only  30% 
of  the  gap  size,  no  sticking  or  hysteresis  is  observed. 

The  upper  DBR  mirror  is  undercut  and  suspended  by  using  a  selective  isotropic  dry  etch  [8]  to  remove 
a  1.2  /<m  sacrificial  layer  between  the  upper  and  lower  DBR  mirrors.  The  use  of  a  dry  etching  allows 
the  formation  of  high  aspect  ratio  features  by  avoiding  surface  tension,  which  causes  structures  to 
collapse  during  wet  etching.  Cantilevers  with  lengths  of  25,  50,  75, 100  /<m;  widths  of  2, 4, 6  ptm,  and 
filter  (end-circle)  diameters  of  10, 15,  20  pim  were  formed.  The  entire  structure  is  grown  using  MBE, 
ensuring  single  crystalline  material  with  excellent  mechanical  properties. 

Device  Performance 

The  devices  were  tested  using  a  Ti-sapphire  tunable  laser  with  the  light  coupled  into  and  out  of  the 
device  using  microscope  objectives.  The  Ti-sapphire  power  was  monitored,  while  the  transmitted  light 
was  recorded.  Figures  2  and  3  show  the  tuning  of  2  wide,  100  ^m  long  cantilever  devices  with  20 
fim  end-circles  when  a  reverse  biased  voltage  is  applied  to  the  p-n  junction.  In  Figure  2,  a  constant 
tuning  voltage  is  applied  to  the  device  and  the  transmittance  of  the  filter  is  measured  as  the  wavelength 
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of  the  incident  light  is  scanned.  In  Figure  3,  the  incident  light  is  held  at  a  fixed  wavelength  while  the 
tuning  voltage  is  scanned.  The  FP  resonance  can  be  tuned  over  70  nm  with  a  control  voltage  ranging 
up  to  4.9  V.  The  corresponding  static  control  current  is  limited  to  50  pA;  thus  the  DC  power 
dissipation  of  our  filter  is  only  250  pW.  The  filter  extinction  ratio  is  19  dB  and  the  insertion  loss  is  5.5 
dB,  of  which,  we  estimate  that  1.5  dB  is  due  to  reflection  for  the  substrate/air  interface  and  1.7  dB  is 
due  to  absorption  in  the  heavily  doped  substrate.  The  high  insertion  loss  for  wavelengths  less  than  910 
nm  is  due  to  substrate  absorption.  The  remaining  excess  loss  is  likely  due  to  either  scattering  loss  or 
reflectivity  mismatch  of  the  resonator  mirrors.  These  loss  mechanisms  may  be  reduced  in  future 
designs. 

The  tuning  speed  of  the  filter  is  limited  by  the  mechanical  response  of  the  cantilever  which  is  a  damped 
mechanic^  oscillator.  The  modulation  response  in  air  is  illustrated  in  Figure  4  for  6  /<m  wide 
cantilevers  of  varying  lengths  with  10  yim  end-circles.  The  resonance  frequency  dictates  both  the 
modulation  bandwidth  and  the  step-response  switching  speed.  A  resonance  of  1.1  MHz  was  measured 
for  1  25  ptm  cantilever.  Because  this  structure  is  so  underdamped,  the  step  response  demonstrates 
significant  ringing.  For  a  critically  damped  system,  however,  the  rise  time  can  be  as  fast  as  0.3  times 
the  resonance  period.  Increasing  the  ambient  pressure  or  increasing  the  air  drag  of  the  structure  to 
approach  critical  damping  would  yield  a  switching  time  of  300  ns.  The  cantilever  tuning  speed  may  be 
further  increased  by  making  the  lever  stiff er  to  increase  the  resonant  frequency  and  correspondingly 
increase  the  damping. 

Both  the  mechanical  resonance  frequency  of  the  device  and  tuning  voltage  decrease  with  increasing 
cantilever  length.  Hence,  there  is  a  trade-off  between  high  tuning  speed  and  low  tuning  voltage.  For 
example,  a  resonance  of  1.16  MHz  was  measured  for  a  25  ptm  long,  6  pcm  wide  cantilever,  but  this 
device  required  54  V  to  tune  the  first  10  nm.  In  contrast,  the  100  }*m  long  2  /<m  wide  cantilever 
required  only  4.3  V  to  tune  over  70  nm  and  1.7  V  to  the  first  10  nm,  but  had  a  resonance  frequency  of 
76  kHz.  However,  the  longer  cantilever  also  had  greater  damping  and  no  ringing  was  observed  in  the 
step  response.  A  4  /<s  switching  speed  was  measured  for  10  nm  of  tuning. 

Conclusions 

Micromechanical  tunable  devices  are  promising  components  for  practical  implementation  of  WDM 
networks.  They  can  be  made  as  wavelength  tunable  filters,  detectors,  or  sources  and  possess  record 
continuous  wavelength  tunability,  low  tuning  voltages  and  powers,  good  spectral  characteristics  and 
low  insertion  loss.  They  exhibit  good  tuning  speeds  and  easy  fiber  coupling  and  are  polarization 
insensitive,  easy  to  fabricate  and  naturally  formed  as  2-D  arrays. 
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Fig.  1  Device  schematic.showing  under  etched  cantilever  supported 
at  contact  pad  and  tunable  air  gap. 


Wavelength  (nm)  Tuning  Voltage  (V) 

Fig.  2  Filter  transmission  spectra  Fig.  3  Filter  transmission  vs.  tuning 

for  fixed  applied  tuning  voltages.  voltage  for  fixed  wavelength  of 

incident  light. 


Frequency  (Hz) 


Fig.  4  Filter  small  signal  modulation  response  for 
various  length  cantilevers. 
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The  POLO  (Parallel  Optical  Link  Organization)  is  a  collaborative  development 
consortium  of  Hewlett-Packard,  AMP,  Du  Pont,  SDL,  and  the  University  of  Southern  California. 
The  goal  of  the  POLO  program  is  to  develop  low  cost,  high  performance  parallel  optical  links  for 
applications  in  central  office  switching  environments,  clustered  computing,  and  multimedia. 
Previous  reports  have  described  preliminary  results  and  the  general  design  of  the  POLO 
interconnect  module  [1].  In  this  paper,  we  discuss  the  performance  results  of  the  1st  generation 
POLO  module  (POLO-1)  and  progress  in  the  design  and  assembly  of  the  2nd  generation 
optimized  module. 

The  components  of  the  POLO  module  include  VCSELs  (vertical-cavity  surface  emitting 
lasers)  [2],  Polyguide™  polymer  optical  waveguides  [3],  PIN  detector  arrays,  silicon  bipolar 
transceiver  ICs,  and  high-speed  ceramic  packages.  Polyguide  waveguides  with  45°  out-of-plane 
mirrors  are  packaged  with  MT-style  ferrules  to  couple  the  transmitter  and  receiver  arrays  with 
the  ribbon  fiber  connector.  The  POLO  module  accommodates  10-bit  wide  transmission  and  10- 
bit  wide  receiver  paths,  allowing  bidirectional  transmission  of  9  data  +  I  clock  or  10  data 
channels.  Each  channel  operates  at  622  Mb/s,  although  the  performance  will  be  increased  to  1 
Gb/s  per  channel  in  future  designs.  An  application  platform  to  test  the  POLO  module  in  a 
system  environment  is  provided  by  the  development  of  an  interface  chip  set  for  workstation 
interconnections  at  USC.  Figure  1  shows  the  POLO-1  module  mounted  on  an  evaluation  board. 
In  order  to  test  the  waveguide-ribbon  fiber  interface,  the  POLO-1  module  features  an  optical 
connector  which  does  not  incorporate  the  full  push/pull  latched  design. 


Figure  1.  POLO-1  module  on  evaluation  board 
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The  modules  are  typically  tested  in  “loopback”  mode,  where  the  transmitter  and  receiver 
of  one  module  are  connected  together  by  a  single  ribbon  fiber.  To  test  BER  with  worst-case 
crosstalk  conditions,  all  10  Tx  and  Rx  channels  of  one  module  are  operated  at  the  same  time.  A 
multiple  channel  data  generator  is  used  to  modulate  all  channels  with  independent  PRBS 
streams. 

Figure  2  shows  the  eye  patterns  of  all  10  channels  in  simultaneous  operation  at  622  Mb/s 
at  the  output  of  the  receiver.  The  BER  for  each  channel  was  <  10  ",  and  an  extended 
measurement  of  one  channel  resulted  in  BER  <  10  with  400  m  of  low-skew  ribbon  fiber  [4]. 
While  some  pattern  dependent  jitter  is  observed,  the  eyes  are  clearly  open  at  622  Mb/s.  The  rise 
and  fall  times  are  <  500  ps,  and  channel-to-channel  skew  (excluding  ribbon  fiber  skew)  is  <  100 
ps.  The  phase  margin  for  BER  <  10’^  is  typically  >  1  ns. 


Similar  results  have  been  obtained  with  the  latched  version  of  the  POLO-1  module, 
which  incorporates  a  clock  channel.  A  622  MHz  clock  signal  synchronizes  the  9  output  data 
channels  to  eliminate  any  accumulated  skew  at  the  receiver  output. 

The  second  generation  of  POLO  module  (POLO-2)  will  incorporate  several  key 
modifications.  POLO-2  will  accommodate  both  980  nm  bottom  emitting  and  850  nm  top 
emitting  VCSELs.  At  850  nm,  monolithic  arrays  of  VCSELs  will  be  used,  with  GaAs  MSM  or 
Si  PIN  detectors  in  the  receiver.  The  ceramic  package  footprint  will  be  reduced  from  4  x  4  cm  to 
less  than  2.5  x  2.5  cm  to  allow  a  fully  assembled  module  width  of  -  1”.  Finally,  the  speed  of  the 
module  will  be  increased  to  accommodate  a  data  rate  greater  than  622  Mb/s. 

POLO-2  will  also  feature  push-pull  ribbon  fiber  connectors  from  AMP.  This  connector 
is  based  on  the  precision  molded  MT  array  ferrule  housed  inside  a  push-pull  SC  style  housing. 
The  housing  of  the  module  will  provide  a  mechanism  for  optically  coupling  the  push-pull 
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connector  with  the  Polyguide  waveguide  circuit.  Figure  3  shows  the  design  of  the  assembled 
POLO-2  module. 


Figure  3.  POLO-2  module  design 


In  conclusion,  we  have  demonstrated  operation  of  the  10-channel  POLO-1  module  at 
622  Mb/s  per  channel  with  up  to  400  m  of  ribbon  fiber.  The  development  and  test  of  the  POLO- 

1  module  has  been  successfully  completed,  and  the  design  and  assembly  of  the  optmized  POLO- 

2  module  is  underway. 

The  support  of  ARPA  under  the  guidance  of  Anis  Husain  is  gratefully  acknowledged. 
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Optical  interconnection  is  a  key  technology  for  computer  optical  data 
links.[1][2]  It  is  important  to  connect  optical  fibers  to  such  devices  as  planar 
waveguides,  LD  arrays,  and  PD  arrays.  The  connection  must  be  high  in 
density,  easy  to  assemble,  and  low  in  cost.  As  regards  connecting  single¬ 
mode  planar  waveguides  to  a  multifiber  array,  we  have  already  proposed  a 
basic  passively  aligned  coupling  method  using  two  guide-pins.[3]  However, 
there  are  some  aspects  of  device  fabrication  which  need  to  be  improved.  In 
this  paper  we  propose  a  novel  easily  fabricated  optical  device  for  coupling 
single-mode  planar  waveguides  to  a  multifiber  array.  This  device  uses  fully 
passive  alignment,  which  makes  the  assembly  process  easier,  and  also 
contributes  to  cost  effectiveness. 

Figure  1  shows  the  structure  of  the  proposed  coupling  device.  This  device 
consists  of  two  MT-type  plastic  connector  plugs  for  multifiber  array  joints  and  a 
waveguide  chip  with  plug  components  which  are  compatible  with  the  MT-type 
plug.  The  MT-type  plug  is  assembled  by  inserting  a  multifiber  array  into  an 
MT-type  plastic  ferrule,  which  is  fabricated  by  a  transfer  molding  method,  and 
fixing  them  together  with  adhesive.[4] 

The  waveguide  chip  with  MT-compatible  plug  components  is  fabricated  as 
follows.  Many  waveguide  chips  are  fabricated  in  a  silicon  wafer  using  flame 
hydrolysis  deposition  (FHD)  and  reactive  ion  etching  (RIE).[5]  Two  V-grooves 
for  alignment  are  formed  on  each  chip  of  the  wafer.  Here,  the  V-grooves  are 
fabricated  at  a  predetermined  position  in  relation  to  the  waveguide  core.  The 
wafer  is  cut  with  a  dicing  saw  to  form  individual  chips  with  V-grooves.  In 
addition,  MT-compatible  plug  components  are  fabricated  with  two  V-grooves 
and  guide-holes  with  predetermined  relative  positions.  These  components 
can  be  made  by  the  transfer  molding  method.  Two  pins  for  alignment  are 
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placed  in  the  V-grooves  in  the  chip.  One  MT-compatible  plug  is  passively 
aligned  on  each  end  portion  of  the  chip,  based  on  the  positions  of  the  pins 
and  two  V-grooves  in  the  plug.  Adhesive  is  used  to  fix  the  components  to  the 
chip.  This  fabrication  without  active  core  alignment  allows  the  coupling  device 
to  be  both  easily  assembled  and  mass  produced. 

The  above  design  has  been  applied  to  fabricate  1  x8  star  couplers  for 
silica-based  waveguides  with  a  core  size  of  8x8  pm.  A  photograph  of  the 
device  is  shown  in  Figure  2.  The  waveguide  chip  and  MT-type  plugs  are 
aligned  with  two  guide-pins  and  then  held  with  two  clamp  springs.  Index¬ 
matching  material  is  used  between  the  chip  and  plug  endfaces.This  coupling 
structure  enables  waveguides  and  fibers  to  be  directly  connected  and 
disconnected.  Figure  3  (a)  shows  the  endface  of  a  waveguide  chip  with  an 
MT-compatible  plug  component  and  also  that  of  an  MT  plug.  The  origin  for  the 
endface  geometry  is  defined  as  the  midpoint  on  a  straight  line  between  the 
centers  of  two  guide-holes.  The  designed  core  centers  are  arranged  along 
the  line  at  intervals  of  250  pm.  The  relative  positions  between  the  cores  and 
the  guide-holes  in  the  chips  are  determined  on  the  basis  of  the  pins  for 
alignment  and  the  V-grooves.  The  core  centers  of  the  chip  and  the  MT  plug 
are  aligned  using  two  guide-pins.  Connection  losses  occur  when  the  core 
positions  in  a  fabricated  chip  and  MT  plug  deviate  from  their  designed 
positions.  We  measured  the  core  position  deviation  in  the  fabricated  1  x8  chip 
and  MT  plugs,  and  calculated  the  connection  losses.  Moreover,  we  measured 
the  actual  connection  losses.  Figure  3  (b)  shows  the  relation  between  the 
estimated  and  measured  losses.  All  the  results  were  in  good  agreement.  This 
reveals  that  the  connection  loss  between  a  chip  and  an  MT  plug  is  mainly  due 
to  the  positional  deviation  of  the  cores. 

Figure  4  shows  the  insertion  loss  of  the  fabricated  1  x8  coupler  device, 
which  includes  two  connection  losses  at  a  wavelength  of  1 .3  pm.  The  average 
insertion  loss  is  10.66  dB.  The  average  excess  loss  is  0.81  dB  and  this  is 
mainly  due  to  connection  losses.  We  also  measured  the  return  loss,  which 
was  greater  than  40  dB.  We  carried  out  a  reconnection  test  (1 00  times)  and  a 
heat  cycle  test  in  the  -25'’C  to  70°C  temperature  range.  The  loss  change  in 
the  reconnection  test  was  less  than  0.2  dB.  The  loss  change  from  the  value  at 
20°C  was  less  than  0.3  dB  in  the  heat  cycle  test. 
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In  conclusion,  we  have  developed  a  simple  and  compact  device  for 
coupling  single-mode  planar  waveguides  to  a  multifiber  array  using  passive 
alignment.  The  fabricated  1  x8  coupling  device  exhibits  a  low  insertion  loss  of 
10.7  dB.  This  device  will  be  effective  for  use  in  the  construction  of  optical 
communication  networks. 
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Figure  1  Structure  of  single-mode  planar  waveguide 
to  multifiber  array  coupling  device. 
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Figure  2  Single-mode  planar  waveguide  to  multifiber  array  coupling  device. 
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Figure  3  (a)  Endface  of  a  waveguide  chip  with  an  MT-compatIble  plug  component  and  endface  of  an  MT  plug, 
(b)  Relation  between  estimated  iosses  caused  by  reiative  position  deviation  and  measured  losses. 
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Rgure  4  Insertion  loss  of  a  1  X8  coupling  device  assembled 
with  passively  aligned  components. 
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Introduction 

A  useful  technique  for  the  coupling  of  single-mode  fibres  and  integrated  optical  de¬ 
vices  is  crucial  for  cost-effective  packaging.  This  is  especially  a  critical  issue  for  mul¬ 
tiport  devices  [1]. 

In  the  case  of  integrated  optical  devices  IN  or  ON  silicon  it  seems  straight-forward  to 
etch  V-grooves  for  the  fibre  alignment  into  the  same  substrate  as  the  waveguides. 
However,  until  now,  no  promising  technique  has  been  found  for  preparing  the  end- 
faces  of  the  integrated  waveguides  at  the  extremity  of  the  etched  V-grooves.  For  this 
reason  we  have  chosen  a  flip-chip  approach  so  that  the  end-faces  can  be  prepared  by 
polishing  or  cleaving.  Since  we  use  silicon  for  the  lO-chip  as  well  as  for  the  micro- 
optical  bench,  no  instabilities  due  to  differences  in  the  coefficients  of  thermal  expan¬ 
sion  are  to  be  expected.  Furthermore,  a  “smart"  chip-bench  attachment  becomes 
possible. 


Micro-Optical  Bench 

The  flip-chip  mounting  of  III/V-  compound  optical  circuits  on  a  V-grooved  silicon 
motherboard  has  already  been  demonstrated  to  be  feasible  for  integrated-optic  appli¬ 
cations  [2]  [3].  The  overall  usage  of  silicon  in  our  work  allows  an  advantageous  design 
regarding  cost,  manufacturability  and  stability.  Figure  1  shows  the  realized  arrange¬ 
ment.  It  is  designed  for  the  passive  coupling  between  an  SOI  (silicon-on-insulator) 
integrated  optical  chip  and  standard  single-mode  fibers.  The  self-aligned  mounting  of 
the  chip  is  achieved  by  a  rib-groove  combination  as  shown  in  Fig.  2  in  more  detail. 
Note  that  the  rib  is  the  exact  negative  of  the  groove  so  that  the  flip-chip  is  put  on 
precisely  defined  planes  rather  than  on  sensitive  edges,  which  would  be  the  case 
when  using  rectangular  alignment  ribs.  These  structures  as  well  as  the  V-grooves  for 
the  fibre  alignment  are  fabricated  by  wet  chemically  etching  with  KOH.  In  principle, 
this  orientation-dependent  etch  process  allows  a  precision  in  the  sub-pm  range.  How¬ 
ever,  if  the  structures  are  not  well  aligned  to  the  crystal  axis  greater  deviations  occur 
resulting  in  wider  fibre  alignment  grooves  and  narrower  chip  alignment  ribs.  Since 
both  structures  are  composed  of  the  same  crystal  planes,  the  undercutting  is  the  same 
for  the  V-grooves  and  for  the  ribs.  Provided  that  the  gap  shown  in  Figure  2  is  wide 
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enough  the  effects  of  the  undercutting  are  balanced  since  the  fibres  and  the  flip-chip 
experience  the  same  vertical  offset.  The  precise  crystal  orientation  may  be  taken  into 
account  by  means  of  a  separate  etching  process  [4].  Our  samples  have  been  fabricated 
by  a  wafer-mask  alignment  using  the  wafer-flat  as  a  reference  only. 

Integrated-Optical  Testchip 

To  investigate  the  coupling  of  fibres  to  waveguides,  a  testchip  has  been  fabricated 
that  contains  a  number  of  straight  rib  waveguides.  The  substrate  material  used  here 
was  silicon-on-insulator  (BE-SOI)  with  a  thickness  of  the  silicon  top  layer  of  4  pm. 
The  rib  dimensions  (2pm  high,  3  pm  wide)  were  chosen  to  assure  single-mode  opera¬ 
tion  [5]  [6].  We  found  that  the  end-faces  of  the  integrated  waveguides  can  be  well 
prepared  by  simple  cleaving.  For  this  purpose  marks  at  the  brim  of  the  wafer  are 
made  by  either  etching  or  sawing  (20-100  pm  deep).  Then  the  wafer  can  be  separated 
by  slightly  bending  it  around  a  pointed  needle  (see  Figure  3).  This  is  an  attractive  al¬ 
ternative  to  the  very  time  consuming  polishing  of  each  substrate  edge. 

Simultaneous  definition  of  alignment  grooves  and  waveguides 

The  alignment  grooves  and  the  waveguides  on  the  testchip  have  to  be  etched  in  sepa¬ 
rate  steps  since  these  structures  differ  in  depth  and  profile.  However,  the  limited  po¬ 
sitioning  accuracy  of  the  second  masking  step  would  cause  a  lateral  offset  of  the 
waveguides  relative  to  the  alignment  structures.  To  solve  this  problem  we  developed 
a  process  that  allows  the  simultaneous  definition  of  both  structures  that  can  neverthe¬ 
less  be  etched  separately. 

For  this  process  a  thin  layer  of  SiOj/SijN^  (35nm/150nm)  is  deposited  on  the  SOI- 
wafer  by  chemical  vapour  deposition.  The  waveguides  and  the  alignment  grooves  are 
then  defined  photolithographically  and  windows  in  the  SiO^/SijN^-layer  are  opened 
by  reactive-ion  etching  (RIE).  By  thermal  oxidation,  a  covering  of  certain  areas  with 
resist  and  etching  of  the  thermal  SiOj  in  buffered  HF,  one  is  able  to  temporarily  re¬ 
close  some  of  the  mask-windows  without  affecting  the  S^N^-mask. 

Measuring  the  misalignment 

The  misalignment  can  be  determined  by  comparing  the  optical  insertion  loss  of  the 
self-aligned  pigtailed  device  with  the  optimal-aligned  fibre-chip  coupling.  Excess  loss 
due  to  misalignment  of  1.5  dB  was  measured  which  implies  a  positioning  accuracy  of 
better  than  2  pm. 

Currently  we  are  processing  an  optimised  design  using  SOI-wafers  with  a  thickness  of 
the  silicon  top  layer  of  11  pm.  The  cross-section  of  the  rib  waveguides  then  becomes 
compatible  with  the  standard  fibre  permitting  very  low  coupling  losses  and  somewhat 
less  stringent  alignment  tolerances  (e.g.  the  excess  loss  caused  by  a  2  pm  offset  would 
be  reduced  to  0.9  dB).  Additionally  a  thicker  top  layer  is  advantageous  for  the  bench- 
chip  align  structure  so  that  we  expect  an  improved  positioning  accuracy. 
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Summary 

We  have  proposed  and  experimentally  demonstrated  a  technique  for  self-aligned  pig¬ 
tailing  of  all-silicon  based  integrated  optical  devices.  Close  attention  was  paid  to  the 
manufacturability  of  the  devices  with  standard  semiconductor  technologies.  The 
achieved  positioning  accuracy  is  about  2  pm.  Self-alignment  and  coupling  efficiency  is 
expected  to  be  improved  by  tuning  the  design  parameters  and  using  SOI-material 
with  greater  thickness  of  the  silicon  top  layer. 
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Hybrid  integration  utilizing  silicon  waferboard  as  a  platform  for  mounting  discrete  and  array 
components,  is  an  attractive  alternative  to  using  conventional  sub-mounted  devices  when 
building  low-cost,  hlgh-paformance,  multichannel  optical  transmitter  and  receiver  modules. 
Silicon  substrates  are  extremely  versatile  as  a  platform  material  for  the  following  reasons:  1) 
both  multimode  and  single  mode  fiber  can  be  mounted  into  v-grooves  etched  into  the  silicon 
surface;  2)  alignment  fiducials  formed  on  the  silicon  surface,  provide  a  registration  feature  for 
optoelectronic  devices  such  as  emittCTS  and  detectors;  3)  signal  traces  can  be  defined  using 
conventional  photo-lithography  techniques  on  a  common  silicon  substrate;  one  that  carries  the 
components  as  well  as  the  optical  fibers;  and  4),  heat  can  be  dficiendy  transported  away  from 
the  active  devices  mounted  on  Ac  silicon  surface  through  the  silicon  platform. 

The  silicon  waferboards  were  designed  to  hold  a  commercially  available  4  or  8  fiber,  fiber 
ribbon  and  included  an  etched  well  that,  when  used  with  a  silioon  cap,  provided  a  strain  relief 
for  holding  the  jacketed  portion  of  the  fiber  ribbon.  Alignmrat  fiducials  formed  on  the  silicon 
surface  for  batting  the  precision-cleaved  PIN  arrays  against,  permitted  passive  detector 
alignment,  to  fibers  previously  embedded  into  v-grooves  etched  into  the  silioon  surface.  The 
PIN  arrays  were  back-illuminated  with  light  reflecting  off  turning  mirrors  formed  at  the 
etched  md  sinface  of  each  v-groove. 

Images  of  infrared  light  patterns  observed,  as  reflecting  off  the  turning  mirrors  during 
waferboard  characterization,  and  light  patterns  exiting  the  top  surface  of  each  pho^etector, 
were  documented  and  analyzed  for  presence  of  any  tight-scattering  defects,  ^tical  power 
insertion  loss  measurements  at  the  turning  mirrors,  and  the  analysis  of  the  infrared  light 
patterns,  provided  information  relating  to  the  origins  of  the  insotion  loss.  C^cal  losses  were 
found  to  depend  on  mirror  surface  quality,  optical  fiber  placement  including  epoxy  efiects, 
and  fiber  end  face  quality.  In  addition,  from  these  measurem^ts  we  are  able  to  diffoentiate 
between  mirror  quality,  fiber  placement,  and  mechanical  alignment  effects  on  PIN  array 
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The  introduction  of  Erbium-doped  fiber  amplifiers  (EDFAs)  has  revolutionized  the  field  of 
lightwave  systems.  EDFAs  are  capable  of  compensating  fiber  loss  over  an  optical  bandwidth  of 
tens  of  nanometers.  Several  optical  channels  can  be  amplified  simultaneously  without  appreciable 
crosstalk  due  to  the  EDFA’s  slow  gain  dynamics.  The  use  of  EDFAs  in  place  of  opto-electronic 
regenerators  allows  to  design  transparent^  high- capacity,  wavelength-division-multiplexed  (WDM) 
systems  over  thousand  of  kilometers,  as  shown  by  laboratory  experiments  and  field  trials. 

The  performance  of  lightwave  systems  using  EDFAs  is  determined  by  the  optical  signal-to-noise 
ratio  (SNR)  at  the  receiver.  The  SNR  can  be  increased  by  either  spacing  the  EDFAs  closer  or  by 
increasing  their  output  power.  Reducing  the  amplifier  spacing  is  an  expensive  solution  and  spacings 
below  30  km  are  not  helpful.  Increasing  the  EDFAs  output  power,  a  more  viable  solution  from  a 
cost  point  of  view,  raises  the  issue  of  fiber  nonlinearities.  High  powers,  multiple  channels  and  long 
unregenerated  distances  conspire  together  to  enhance  the  deleterious  effects  of  fiber  nonlinearities. 
Nonlinearity-induced  power  loss,  pulse-shape  distorsion  and  crosstalk  can  severely  limit  the  per¬ 
formance  of  lightwave  systems.  In  the  system  design,  a  compromise  must  be  reached  between  the 
opposite  requirements  placed  on  launched  power  by  SNR  and  fiber  nonlinearities.  It  is  therefore 
essential  to  develop  models  to  gain  a  good  understanding  of  fiber  nonlinearities  and  their  impact 
on  lightwave  systems.  A  deeper  understanding  can  also  help  to  devise  techniques  to  suppress  or  at 
least  to  mitigate  the  performance  degradation  introduced  by  fiber  nonlinearities. 

The  nonlinearities  in  silica  fibers  can  be  classified  into  two  categories:  stimulated  scattering 
(Raman  and  BriUouin),  and  effects  arising  from  the  nonlinear  index  of  refraction.  Stimulated 
scattering  is  manifested  as  intensity  dependent  gain  or  loss,  while  the  nonlinear  index  gives  rise  to 
intensity  dependent  phase  [1]. 

In  stimulated  BriUouin  scattering  (SBS),  power  transferred  to  the  backward  direction,  due 
to  amplification  of  spontaneous  scattering,  depletes  the  forward  traveUng  signal  [2].  SBS  does 
not  couple  channels  in  a  WDM  system.  Its  threshold  is  about  10  mW  for  intensity-modulated 
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transform  limited  data,  and  can  be  easily  increased  by  frequency-dithering  the  laser.  Stimulated 
Raman  scattering  (SRS),  is  a  similar,  but  much  weaker  effect  [2].  The  main  differences  are  that 
SRS  can  occur  in  either  the  forward  or  backward  direction,  and  the  gain  bandwidth  for  SRS  is 
on  the  order  of  100  nm.  Thus  SRS  can  couple  WDM  channels  and  give  rise  to  crosstalk.  The 
nonlinear  index  of  refraction  of  silica  fiber  gives  rise  to  three  effects:  self  phase  modulation  (SPM), 
where  fluctuations  in  the  signal  power  induce  phase  modulation  and  lead  to  broadening  of  the 
signal  spectrum;  cross  phase  modulation  (CPM),  in  which  intensity  fluctuations  of  other  channels 
modulate  the  phase  of  the  signal;  four  photon  mixing  (PPM),  where  the  beating  between  two 
channels  at  their  difference  frequency  modulates  the  signal  phase  at  that  frequency,  generating  new 
tones  as  sidebands  [3]. 

The  dominant  nonlinear  effect  in  high-speed  WDM  systems  is  FWM,  since  the  low  fiber  chro¬ 
matic  dispersion  and  the  high  launched  power  per  channel  required  by  high-bit-rate  operation 
enhance  the  efficiency  of  generation  of  FWM  waves.  Unequal  channel  spacing  reduces  interference 
from  FWM  and  permits  an  increase  of  the  launched  power  by  7  dB,  making  possible  WDM  up¬ 
grade  of  bghtwave  systems  with  embedded  dispersion-shifted  fiber  [4].  The  generation  of  FWM 
waves  itself  can  be  suppressed  by  using  fiber  with  a  magnitude  of  the  chromatic  dispersion  of 
2  ps/nm/km  or  above  [5].  In  this  case,  depending  on  the  actual  values  of  dispersion,  system  length 
and  per-channel  bit  rate,  dispersion  compensation  may  be  necessary.  Dispersion-managed  systems, 
in  which  fibers  with  opposite  signs  of  dispersion  are  alternated  to  ensure  low  cumulated  dispersion, 
have  been  demonstrated  with  per-channel  bit  rates  up  to  20  Gb/s  [5].  High-speed  WDM  upgrade 
of  conventional  fiber  requires  dispersion  compensation  at  each  amplified  segment  to  avoid  excessive 
dispersion  accumulation.  In  systems  with  conventional  fiber  and  dispersion-compensating  fiber, 
FWM  is  completely  suppressed  by  the  large  dispersion,  but  the  interaction  between  the  large  local 
dispersion  and  SPM  in  both  fibers  might  lead  to  performance  degradations,  particularly  at  bit-rates 
of  20  Gb/s  or  above.  A  good  dispersion-compensating  fiber  for  high-speed  WDM  systems  should 
have  low  nonlinearity  [6]  and  negative  dispersion  slope  [7]. 

The  performance  of  high-speed  WDM  systems  is  determined  by  the  interplay  of  several  factors, 
such  as  power,  dispersion  map,  fiber  nonlinearities,  channel  frequency  allocation,  and  amplifier 
spacing.  The  combined  optimization  of  all  these  parameters  to  achieve  high  performance  at  rea¬ 
sonable  cost  is  a  challenging  task.  In  the  absence  of  an  analytical  solution  of  the  overall  problem, 
good  insight  has  been  gained  by  studying  the  different  nonlinear  effects  separately.  Ideally,  though, 
one  would  like  to  have  a  “black  box”,  say  a  powerful  computer,  able  to  simulate  a  real  experiment 
including  all  possible  effects,  from  transmitter  to  receiver  through  fiber  and  EDFAs.  If  the  black 
box  was  fast  enough,  one  could  imagine  using  it  to  optimize  all  the  systems  parameters  by  repeated 
simulations  (Monte  Carlo),  without  ever  resorting  to  expensive  test  beds,  or  at  least  building  one 
only  for  the  optimized  system. 
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For  single-channel  systems,  computer  simulations  using  the  split-step  Fourier  method,  or  beam- 
propagation  method  (BPM),  [3]  to  solve  the  nonlinear  Schrodinger  equation  that  expresses  the 
electric  field  propagation  in  the  fiber  have  come  close  to  this  goal.  In  single-channel  systems, 
indeed,  neglecting  SBS,  the  only  effect  left  is  SPM,  and  the  interaction  between  SPM  and  chromatic 
dispersion  can  be  very  effectively  studied  using  the  BPM.  A  rough  idea  of  the  system  performance 
can  be  gained  by  looking  at  the  eye  opening,  defined  as  the  separation  between  the  minimum  “one” 
level  and  the  maximum  “zero”  level  at  the  best  sampling  time  divided  by  twice  the  average  power. 
The  intersymbol  interference  (ISI)  introduced  by  the  interplay  of  SPM  and  dispersion,  or  even  by 
optical  or  electrical  filters,  does  not  extend  beyond  the  neighbouring  bits.  Therefore  a  short  pseudo¬ 
random  bit  sequence  (PRBS)  of  2^  bits  is  sufficient  to  capture  all  possible  cases  of  interference. 
Furthermore,  the  worst-case  eye  opening  is  very  likely  to  happen,  hence  the  worst-case  eye  closure 
gives  a  good  measure  of  the  power  penalty  at  the  receiver.  Computer  simulations  can  also  be  used 
to  evaluate  bit-error  rate  (BER)  or,  equivalently,  Q  [8],  by  computing  mean  and  standard  deviation 
of  both  the  “one”  and  the  “zero”  level  distribution  and  assuming  that  they  can  be  approximated 
by  a  Gaussian.  With  large  ISI,  the  Gaussian  approximation  is  not  valid.  In  this  case  it  is  necessary 
to  compute  the  BER  individually  for  each  of  the  possible  cases  of  interference.  Q  can  then  be 
computed  finding  the  BER  for  each  pattern  and  weighting  it  by  its  occurrence  likelihood  [9]. 

Computer  simulation  studies,  even  for  single- channel  systems,  are  less  useful  when  the  impair¬ 
ment  is  generated  by  the  tail  of  an  unknown  distribution  or  by  some  rare  event.  For  example  it  is 
very  hard  to  study  the  interaction  between  polarization-mode  dispersion  (PMD)  and  SPM,  because 
it  is  necessary  to  run  a  very  large  number  of  simulations  with  different  (independent)  choices  of  the 
fiber  polarization  properties.  Also  degradations  due  to  low  frequency  components  have  been  ob¬ 
served  in  many  experiments  when  using  along  PRBS.  Simulating  these  effects  (and  their  interaction 
with  nonlinearities)  would  require  the  use  of  unpractically  large  Fourier  transforms. 

In  WDM  systems  the  interplay  between  fiber  nonlinearities  and  dispersion  becomes  much  more 
complicated,  and  a  quick  look  at  the  eye  diagrams  of  the  channels  can  be  very  misleading.  The 
result  of  computer  simulations  in  WDM  systems  depends  on  the  initial  relative  optical  phases  of 
the  channels,  the  bit  patterns  used  and  their  relative  time  delay.  Finding  the  worst  case  may  be 
difficult,  because  of  the  large  dimension  of  the  variables  space.  In  addition,  although  it  may  be 
possible  to  carefuUy  select  the  input  signals  to  make  sure  to  hit  the  worst  case,  knowledge  of  the 
worst-case  eye  opening  is  useless  when  its  occurrence  probability  is  very  low.  Predicting  system 
performance  based  on  the  power  penalty  relative  to  a  very  unlikely  worst  case  would  lead  to  a 
large  overestimation  of  the  degradation.  Applying  the  method  in  [9]  to  WDM  systems  may  also 
be  difficult,  since  typically  each  rail,  even  in  the  absence  of  noise,  has  a  continuous  probability 
distribution,  generally  unknown  a  priori  and  often  not  Gaussian,  rather  then  a  simple  four-level, 
discrete  distribution,  as  seen  for  single-channel  ISI. 
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For  WDM  systems,  computer  simulations  are  still  very  useful  to  determine  the  pulse  shape 
evolution  and  the  interplay  between  chromatic  dispersion  and  self-  and  cross-phase  modulation,  but 
analytical  modeling  is  necessary  to  correctly  include  the  effects  of  random  relative  optical  phases, 
modulation  statistics  and  amplifier  noise.  A  careful  combination  of  computer  simulations  and 
analytical  modeling  is  required  to  evaluate  HER  in  WDM  systems.  Feedback  from  experimental 
measurements  on  a  testbed  is  essential  for  WDM  systems  to  test  the  validity  of  the  modeling 
assumption.  This  three-fold  interaction  between  simulation,  modeling  and  experiments  makes 
optimization  of  WDM  systems  a  difficult  and  lengthy  process,  and  there  is  room  for  additional 
modeling  tools  to  be  developed  for  this  purpose. 

Several  examples  will  be  given  of  how  computer  simulations  for  WDM  systems  can  be  mislead¬ 
ing.  “Tricks”  and  countermeasures  to  avoid  these  problems  will  be  described.  Accurate  modeling 
techniques  will  be  reviewed  for  FWM  [10]  and  SRS  crosstalk  [11].  It  will  be  shown  how  the  in¬ 
sight  gained  with  accurate  modeling  has  helped  to  design  a  method  to  suppress  SRS  crosstalk  [12]. 
Finally,  as  an  example  of  using  modeling  for  WDM  system  optimization,  a  heuristic  approach  to 
the  granularity  issue  will  be  described;  two  systems  with  same  total  capacity  and  fiber  length  but 
different  number  of  channels  will  be  compared  from  a  transmission  penalty  point  of  view. 
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Introduction 

The  system  performance  of  future  high-speed  TDM-systems  beyond  10  Gbit/s  is  severely  degraded  by 
the  large  chromatic  dispersion  when  transmitted  over  the  already  installed  standard  single-mode  fiber 
(SMF)  network  at  1.55  /tm.  An  unchirped  40  Gbit/s  conventional  NRZ-modulated  signal  will  suffer  a 
1  dB  dispersion  penalty  after  about  4  km.  To  cope  with  this  stringent  limitation  the  most  attractive 
schemes  are  Dispersion-Compensating  Fibers  (DCFs)  and  Optical-Phase  Conjugation  (OPC),  which 
both  have  already  shown  their  potential  in  various  experiments  [1-6].  In  particular  a  10  Gbit/s 
transmission  over  2245  km  standard  fiber  with  the  use  of  DCFs  was  reported  [Ij.  It  is  the  goal  of  the 
present  work  to  conclude  on  the  suitability  of  both  concepts  for  future  high  speed  systems  operating 
at  40  Gbit/s  over  the  embedded  standard-fiber. 

Model 

The  pulse  propagation  in  the  nonlinear  dispersive  fiber  is  solved  by  the  split-step  Fourier  method.  At 
the  transmitter  a  chirp-free  modulated  Mach-Zehnder  modulator  is  driven  by  a  2'’^  —  1  PRBS-NRZ 
bit-pattern.  The  modulator  bandwidth  is  chosen  to  be  equal  to  the  bit  rate.  The  dispersion  D,  the 
effective  cross  section  area  Aeff  and  the  fiber  attenuation  a  of  the  transmission  fiber  and  the  DCF  are 
assumed  as  shown  in  figure  la.  For  both  fibers  a  nonlinear  refractive  index  of  n2  =  2.6-10"^°m^/W  and 
a  dispersion  slope  dD/d\  of  0.08  ps/(kmnm^)  was  chosen.  Fig.  la  shows  the  principle  setup  for  the 
DCF-based  pre-  and  postcompensating  systems.  Assuming  a  single  ideal  Optical-Phase  Conjugator 
at  the  system  midpoint  fig.  lb  depicts  the  setup  for  the  OPC-based  system.  At  the  receiver  the  signal 
is  optically  filtered,  detected  and  then  electrically  filtered.  The  optical  filter  bandwidth  is  set  to  160 
GHz  and  the  electrical  filter  bandwidth  is  chosen  to  be  65  %  of  the  bit  rate. 

Optical-Phase  Conjugation 

For  an  OPC-based  system  fig.  2  shows  the  power  penalty  as  a  function  of  the  average  fiber-input 
power  for  a  1000  km  standard  fiber  transmission  at  40  Gbit/s  assuming  an  amplifier  spacing  Aoa  of 
25  km  and  50  km.  It  turns  out  that  in  the  nonlinear  power  regime  (>  4.5  dBm)  the  power  penalty 
increases  significantly  due  to  the  non-ideal  power  symmetry  within  the  transmission  line  with  respect 
to  the  OPC.  From  the  linear  point  of  view  at  lower  fiber  input  powers  the  system  performance  is 
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mainly  limited  by  the  accumulated  amplifier  noise.  At  higher  input  powers  the  length  is  limited  by 
the  non-perfect  power  symmetry.  At  50  km  amplifier  spacing  the  penalty  is  about  1.1  dB  at  a  fiber- 
input  power  of  0  dBm.  Due  to  increasing  power  symmetry  at  25  km  amplifier  spacing  the  penalty  is 
then  reduced  to  about  0.8  dB.  These  considerations  show  the  feasibility  of  1000  km  OPC-based  40 
Gbit/s  systems  over  standard  single-mode  fibers. 

Dispersion-Compensating  Fiber 

Dispersion-Compensating  Fiber  schemes  work  perfect  as  long  as  the  system  is  opearted  within  the 
linear  regime.  With  increasing  optical  power,  as  required  for  very  high  speed  systems,  it  turns  out  [7] 
that  the  DCFs  must  be  placed  at  distances  comparable  to  the  linear  dispersion  length  (  w  4  km  at 
40  Gbit/s  over  standard  single-mode  fiber),  which  is  unrealistic,  in  order  to  get  a  virtually  dispersion- 
free  system.  If  the  Dispersion-Compensating  Fibers  are  placed  at  the  optical  amplifiers,  the  spacing 
should  at  least  exceed  20  km  for  practical  systems.  For  40  Gbit/s  such  DCF-based  systems  are  then 
feasible  only  if  the  system  is  operated  within  the  linear  regime,  as  expressed  by  a  maximum  allowable 
nonlinear  phase  shift  (pni  ^ 

4>nl  =  4>nl,SMF  +  <l>nl,DCF  <  0-4  (1) 

over  the  whole  fiber  span.  Only  if  eq.(l)  is  satisfied  the  exact  position  of  the  DCF-segments  is  of 
minor  importance. 

In  fig.  3  the  achievable  standard-fiber  length  Lsmf  ,  yielding  a  power  penalty  of  1  dB  is  plotted  as  a 
function  of  the  average  fiber-input  power  for  different  amplifier  spacings  and  thus  DCF-spacings  [9]. 
Assuming  a  noiseless  transmission  it  is  shown  in  fig.  3  that  the  analytical  solution  according  to  (1) 
yields  a  good  estimate  for  the  maximum  power  level.  For  a  400  km  standard-fiber  transmission  at  100 
km  amplifier  spacing  an  upper  power  level  of  about  -2  dBm  is  allowable.  However,  as  depicted  in  fig. 
3  taking  the  ASE-noise  into  account  the  system  performance  is  severely  degraded.  At  an  amplifier 
spacing  of  20  km  and  60  km  the  achievable  standard-fiber  length  is  limited  to  340  km  and  240  km  at 
an  average  fiber-input  power  of  about  -5  dBm  and  -3  dBm,  respectively. 

Conclusion 

The  performance  of  future  high-speed  single-channel  optical  communication  systems  operating  at  40 
Gbit/s  over  the  embedded  standard  fiber  was  analyzed  by  numerical  simulations.  Two  different  trans¬ 
mission  schemes  Optical-Phase  Conjugation  and  Dispersion  Compensating  Fibers  were  compared.  In 
the  DCF  scheme  it  has  been  shown  that  the  system  must  be  operated  in  the  linear  regime  of  the 
transmission  fiber,  if  the  spacing  of  consecutive  Dispersion-Compensating  Fibers  exceeds  20  km.  A 
maximum  achievable  transmission  distance  of  about  240  km  at  60  km  amplifier  spacing  is  feasible 
within  this  scheme.  In  contrast,  however,  in  a  system  equipped  with  a  single  midpoint  Optical-Phase 
Conjugator  a  transmission  of  40  Gbit/s  over  1000  km  at  an  amplifier  spacing  of  about  50  km  is  feasi¬ 
ble. 

The  polarization-mode  dispersion  (PMD),  however,  yields  another  limitation  for  the  r.m.s.  PMD  for 
a  40  Gbit/s  transmission.  It  should  not  exceed  2  ps  [10],  corresponding  to  a  required  PMD-coefiicient 
of  <  0.13ps/\/i^  and  <  0.06ps/v1cm  for  a  240  km  and  1000  km  transmission,  respectively. 
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Fig.  1:  Principle  setup  for  a)  a  system  based  on  Dispersion-Compensating  Fibers  (DCF)  and  b)  a  system  based  on 
Optical-Phase  Conjugation  (OPC) 


Fig.  2:  Power  penalty  as  a  function  of  fiber-input  power  in  a  1000  km  OPC-based  system  operating  at  40  Gbit/s  for 
different  amplifier  spacings 


Fig.  3:  Achievable  standard-fiber  length  as  a  function  of  average  fiber-input  power  for  1  dB  power  penalty  and 
different  amplifier  spacings. 
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1.  Introduction 

Most  of  the  installed  fibre  systems  are  based  on  standard  single  mode  fibres  operating 
at  the  low  loss  window  around  1.65  /xm.  Such  optical  fibre  system  with  zero  dispersion 
at  1.3  /im  suffers  from  severe  limitation  due  to  chromatic  dispersion,  for  example,  the 
limited  transmission  distance  of  a  10  Gbit/s  fibre  system  is  about  65  km  [1].  Much  effort 
has  been  given  to  overcome  the  dispersion  limitation,  thus  upgrading  the  existing  fibre 
system  and  increasing  the  repeaterless  transmission  distance.  Techniques  using  dispersion 
compensating  fibres  and  mid-system  spectral  inversion  have  been  shown  to  extend  the 
dispersion  limited  transmission  distance  greatly  [2,  3].  A  duobinary  signalling  scheme  has 
also  been  investigated  [4,  5],  which  increases  the  transmission  distance  of  a  10  Gbit/s 
system  to  beyond  100  km  by  reducing  the  signal  bandwidth.  In  comparison  dispersion 
compensation  in  the  electrical  part  of  the  optical  link  is  expected  to  provide  relatively 
simple  and  more  flexible  ways  to  tackle  the  chromatic  dispersion  [6]. 

In  this  paper,  we  propose  a  new  technique,  which  uses  a  tapped  delay  line  transfer 
function  to  shape  the  drive  signal  of  the  external  modulation  at  the  transmitter.  Prom 
computer  simulation,  it  is  found  that  this  modulation  scheme  with  an  appropriate  chirp 
can  extend  the  dispersion  limited  distance  to  170  km  for  a  10  Gbit/s  system. 


2.  Modeling 


The  system  configuration  is  as  follows:  a  transmitter  is  an  externally  modulated  laser 
source,  its  output  signal  at  10  Gbit/s  is  propagated  along  a  standard  single  mode  fibre 
with  attenuation  of  0.2  dB/km  at  1.55  /im,  the  fibre  chromatic  dispersion  is  17  ps/km/nm, 
the  Kerr  coefficient  is  2.42  x  10“^°m^/W  and  mode  area  50  firsx^,  the  launch  power  of 
the  transmitted  signal  is  10  mW  to  avoid  the  effect  of  nonlinearity,  such  as  Stimulated 
Brillouin  Scattering  (SBS),  at  the  receiver  end  the  signal  is  detected  by  a  pre-amplified  PIN 
receiver.  Signal  propagation  in  single  mode  fibre  is  governed  by  the  nonlinear  Schrodinger 
equation  and  the  distorted  signal  after  transmission  is  obtained  by  numerically  solving 
this  equation.  To  estimate  system  performance  the  modified  Chernoff  bound  (MOB)  is 
used  to  calculate  the  bit  error  rate,  which  is  a  tight  upper  bound  on  bit  error  rate  [7]. 

A  block  diagram  of  the  transmitter  is  shown  in  Fig.l,  which  consists  of  a  laser  diode 
and  a  Mach-Zehnder  (M-Z)  modulator.  A  model  of  the  M-Z  modulator  with  adjustable 
chirp  is  given  in  [8],  where  two  branches  of  the  modulator  are  drived  by  signals  of  same 
waveform  but  opposite  sign.  The  chirp  parameter  is  defined  as 


a  = 


F1  +  U2 
U1-U2 


(1) 


where  Vi,  V2  are  respectively  the  peak-to-peak  amplitude  of  the  drive  signals  and  their 
sign  depends  on  the  relative  polaxity.  Hence,  the  modulator  chirp  can  be  adjusted  by 
changing  the  relative  peak-to-peak  driving  voltages  and  their  polarities.  In  this  work,  the 
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Fig.l  block  diagram  of  the  transmitter 

drive  signal  is  generated  by  a  pulse  shaping  circuit  with  a  non-return-to  zero  (NRZ)  input 
signal  from  a  pseudo  random  signal  generator.  The  pulse  shaping  circuit  is  a  tapped 
delay  line  in  cascade  with  a  low  pass  filter,  which  can  be  a  Butterworth  filter  or  just 
the  equivalent  low  pass  feature  of  the  driving  signal  route.  The  transfer  function  of  the 
tapped  delay  line  is  given  by: 

Tr{s)=  X)  <^kexp{-sk{^)}  (2) 

k^—L 

where  T  is  bit  period,  T/iV  is  the  tap  spacing  and  s  the  transform  variable.  The  number  of 
taps  is  {2L  + 1)  and  c*.  are  the  tap  weights.  The  tap  weights  c*,  where  A:  7^  0,  are  less  than 
one  with  cq  normalized  to  one.  A  tapped  delay  line  with  positive  values  of  tap  weights  can 
modify  the  amplitude  and  broaden  the  pulse  according  to  the  data  pattern,  here  a  tapped 
delay  line  of  3  taps  and  tap  spacing  of  the  bit  period  is  used.  Fig.2  illustrates  the  output 
signal  of  a  transmitter  with  the  pulse  shaping.  Compared  with  the  NRZ  pulse  sequence,  it 
is  seen  that  different  shapes  of  output  waveform  are  obtained  by  varying  the  tap  weights. 
In  addition,  such  pulse  shaping  also  introduces  more  intersymbol  interference  (ISI). 

3.  Results 

We  present  here  results  to  demonstrate  the  effect  of  the  pulse  shaping  at  transmitter  for 
compensating  chromatic  dispersion.  In  our  calculation,  the  sampling  time  is  set  to  that 
at  which  an  isolated  ‘1’  reaches  its  maximum  value  after  receiver  electrical  filtering  and 
system  performance  is  measured  by  the  receiver  sensitivity,  which  is  the  received  signal 
power  needed  to  maintain  a  bit  error  rate  of  10”®. 

Fig. 3  shows  that  the  receiver  sensitivity  varies  with  transmission  distance  for  the 
system  with  pulse  shaped  signal,  the  results  for  NRZ  signal  are  also  plotted  for  comparison. 
We  see  that  the  back  to  back  receiver  sensitivity  of  the  pulse  shaped  signal  is  about  2.0 
dB  lower  than  that  of  NRZ  signal.  For  zero  chirp  modulation,  the  pulse  shaped  signal 
reaches  1  dB  penalty  just  after  100  km  transmission.  With  negative  chirp  -1.0,  it  is  seen 
that  the  dispersion  penalty  goes  to  negative  value  first  and  is  1  dB  at  about  170  km. 
Whereas  for  the  NRZ  signal,  1  dB  power  penalty  is  incurred  before  100  km,  after  that 
the  penalty  increases  rapidly.  With  negative  chirp  its  performance  only  improves  slightly. 
Therefore,  we  see  that  combining  the  pulse  shaping  of  the  drive  signals  and  chirping  of 
the  Mach-Zehnder  modulator,  the  system  dispersion  penalty  is  greatly  reduced. 

In  Fig. 4,  we  compare  the  system  performance  with  pulse  shaping  for  tap  weights  c_i. 
Cl  of  (0.25,0.25),  but  varying  the  chirp  parameters.  Relative  to  the  receiver  sensitivity 
curve  at  zero  chirp,  it  is  seen  that  a  positive  chirp  parameter  increases  the  power  penalty, 
in  contrast,  negative  chirp  parameter  improves  system  performance.  For  chirp  parameter 


582  /  IThA3-3 


-0.5,  the  1  dB  dispersion  penalty  occurs  at  around  150  km,  with  chirp  parameter  -1.0  and 
-1.5  a  similar  trend  is  shown  in  the  receiver  sensitivity  curves,  but  a  greater  improvement 
in  dispersion  penalty  is  obtained,  leading  to  an  increased  tansmission  distance  of  over  170 
km  for  1  dB  dispersion  penalty. 

Fig. 5  shows  the  influence  of  different  tap  weights  on  the  system  performance  achieved. 
Comparing  the  back-to-back  case,  larger  value  of  tap  weights  results  in  lower  receiver 
sensitivity  due  to  larger  amount  of  ISI  induced.  Note  it  is  not  necessary  for  the  tap 
weights  c_i.  Cl  to  be  equal.  It  is  seen  that  with  tap  weights  (0.15,0.15)  there  is  a  relatively 
larger  dispersion  penalty  compared  with  the  other  cases.  For  larger  tap  weights  (0.35,0.35) 
and  (0.4,0. 4)  the  system  reaches  1  dB  dispersion  penalty  after  170  km,  but  gives  lower 
receiver  sensitivity.  Pulse  shaping  with  tap  weights  (0.25,0.25)  is  a  good  choice  with  both 
low  dispersion  penalty  and  higher  receiver  sensitivity. 

4.  Summary 

We  have  introduced  a  new  technique  using  pulse  shaping  in  an  externally  modulated 
transmitter  as  a  means  of  compensating  the  chromatic  dispersion  in  a  10  Gbit/s  trans¬ 
mission  system  with  conventional  single  mode  fibre.  The  tapped  delay  line  pulse  shaping 
circuit  with  positive  tap  weights  modifies  the  amplitude  and  width  of  the  transmitter  out¬ 
put.  It  has  been  shown  that  this  pulse  shaping  of  the  drive  signals  in  combination  with 
the  negative  chirp  parameter  of  a  M-Z  modulator  is  effective  in  reducing  the  dispersion 
penalty  so  that  the  dispersion  limit  can  be  extended  to  170  km.  Appropriate  values  of 
tap  weights  can  offer  both  low  dispersion  penalty  and  higher  receiver  sensitivity.  Further 
more,  the  pulse  shaping  is  relatively  easy  to  implement  with  a  microwave  circuit  since 
only  positive  tap  weights  are  required. 
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Fig.2  tranmitter  output  waveforms  with  Fig.3  receiver  sensitivity  vs.  transmission 

and  without  pulse  shaping  distance  (1)  zero  chirp,  (c  i,Ci)  =  (0.25,0.25) 

(2)  chirp -1.0,  (c_i,  Cl)  =  (0.25,0.25) 

(3)  zero  chirp  and  NRZ  pulse 

(4)  chirp  -1.0  and  NRZ  pulse 


Fig.4  receiver  sensitivity  vs.  transmission  Fig.5  receiver  sensitivity  vs.  transmission 

distance  for  (c_i,Ci)  =  (0.25,0.25)  and  distance  for  chirp  -1.0  and  various  extents 

various  chirp  parameters  of  pulse  shaping 
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1.  Introduction 

A  traditional  optical  to  electrical  receiver  consists  of  a  simple  PIN  diode  followed  by 
a  number  of  electrical  signal  processing  elements  which  are  required  to  detect  and 
decode  the  incoming  optical  signal.  The  speed  of  the  data  on  the  optical  fiber  is 
limited  by  the  bandwidth  of  these  electrical  signal  processing  devices  which  is  typi¬ 
cally  only  a  small  fraction  of  the  available  bandwidth  on  the  optical  fiber.  With  the 
recent  advent  of  practical  optical  amplifiers  it  is  now  feasible  to  implement  a  number 
of  the  important  receiver  functions  in  the  optical  domain  prior  to  detection  by  the 
PIN  diode  with  out  a  loss  in  receiver  sensitivity.  By  implementing  these  functions 
optically  we  can  simplify  the  electrical  section  of  the  receiver  and  thus  increase  its 
bandwidth  and  yield  significant  gains  in  the  transmission  rate. 

In  this  work  we  present  a  novel  line  coding  scheme  that  can  be  used  to  realize  all 
optical  clock  recovery  in  the  receiver  and  completely  remove  the  need  for  a  phase 
lock  loop  (PLL).  In  addition,  the  receiver  employs  a  bank  of  optical  correlators 
which  allows  multiple  data  bits  to  be  transmitted  per  symbol  period. 
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2.  The  Receiver  Design 

The  primary  signal  processing  element  employed  in  this  work  is  the  coherent  tapped 
delay  line  filter.  The  filter  consists  of  series  of  coupled  optical  waveguides  of  vary¬ 
ing  lenghts.  The  different  lengths  impose  a  different  propagation  delay  on  the  signal 
in  each  arm  and  hence  cause  them  to  recombine  out  of  phase  at  the  output  of  the 
filter.  By  controlling  the  amount  of  signal  coupled  into  each  arm,  and  the  relative 
delay  between  the  arms,  a  wide  variety  of  transfer  functions  can  be  realized.  With 
the  addition  of  electro-optic  phase  modulators,  one  can  control  the  propogation 
delay  to  a  fraction  of  a  wavelength.  This  precise  phase  control  allows  one  to  realize 
practical  coherent  optical  filtering[l-3].  In  this  work,  we  employ  coherent  optical 
tapped  delay  line  filters  to  realize  a  line  coding  scheme  employing  both  amplitude 
and  phase  coding. 

Figure  1.  shows  the  implementation  details  of  the  transmitter  and  receiver  pair.  The 
transmitter  consists  of  a  pulsed  laser  and  a  series  of  optical  delay  lines.  The  laser 
generates  one  pulse  per  symbol  interval  which  is  split  and  subjected  to  different 
delays  in  the  delay  arms.  The  output  of  the  transmitter  will  be  a  series  of  pulses 
whose  positions  correspond  to  an  optical  orthogonal  code  (OOC)[4,5].  In  addition, 
each  branch  in  the  delay  arm  contains  a  phase  modulator  which  is  used  to  give  each 
pulse  a  fixed  phase  shift.  The  data  is  transmitted  as  a  train  of  pulses  with  a  unique 
set  of  phase  shifts  imposed  upon  them.  There  is  only  a  finite  number  of  distinct 
symbols  that  can  be  sent  which  is  determined  by  the  size  of  the  correlation  bank  in 
the  receiver.  Mathematically  the  output  of  the  transmitter  when  it  is  transmitting 
symbol  I  is  given  as: 


586  /  IThA4-3 


'N  ,  t-d{r 

PiO)  =  S  5in(oj,-diT)+(f>l)rect  (1) 

1  =  1  I  J 

where  is  the  optical  frequency,  W  is  the  number  of  delay  arms,  4,-  is  the  pulse 
delay  and  (f)'  its  the  phase  shift. 

The  receiver  is  constructed  from  N  +  1  optical  correlators  as  is  shown  in  figure  1. 
The  delays  introduced  in  each  correlator  correspond  to  the  inverses  of  the  delays  in 
the  transmitter.  Since  the  pulse  position  correspond  to  an  optical  orthogonal  code 
the  output  of  each  correlator  will  be  a  single  pulse  centered  at  the  middle  of  the 
symbol  interval.  However,  because  the  transmitted  pulses  are  phase  coded,  the  out¬ 
put  will  be  the  vector  sum  of  the  pulses.  The  (A-i-1)'^  filter  performs  an  incoherent 
summation  on  the  delay  arm  outputs  and  so  it  will  be  insensitive  to  the  phase  coding 
and  will  always  generate  the  same  output  irrespective  of  the  symbol  transmitted. 
This  will  form  the  recovered  clock.  All  that  is  required  to  complete  the  clock 
recovery  circuit  is  a  PIN  diode  and  a  threshold  detector.  The  bandwidth  of  the  cir¬ 
cuit  will  be  limited  by  the  response  time  of  the  PIN  diode  only  and  not  the 
bandwidth  of  an  electrical  PLL. 

In  each  of  the  other  N  correlators,  phase  delays  are  introduced  to  cancel  the  phase 
shifts  introduced  in  the  transmitter.  This  is  equivalent  to  match  filtering.  At  the 
sample  instant,  which  is  determined  using  the  recovered  clock,  the  output  of  the  J‘^ 
filter  when  the  /'*  symbol  is  transmitted  is  given  by: 


w  V" 

W 

■  2 

hj  — 

E  sin((^/-^/)  + 

x;  cos(^/-^- 

(2) 

i  =  1  \ 

i  =  1 

The  phase  shifts  used  are  then  selected  such  that  is  minimized  for  all  ly^J ,  and 
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maximized  for  /  ==  7.  A  Simulated  Annealing  algorithm  was  employed  to  solve  for 
the  optimal  phase  shifts[6]. 

3.  Results 

The  line  coding  scheme  parameters  which  are  of  interest  are:  code  efficiency  (bits 
sent/OOC  chip  length)  and  receiver  sensitivity.  The  two  parameters  are  interrelated 
through  the  maximum  cross-correlation  achievable  for  a  given  symbol  set  size  (N). 
Figure  2  shows  the  achieved  optimal  cross-correlation  values  and  figure  3  shows  the 
sensitivity  as  a  function  of  N.  For  the  presented  results  it  is  shown  that  our  scheme 
can  be  upto  twice  as  efficient  as  other  self  clocked  receiver  designs  such  as  Manches¬ 
ter  Coding[7,8].  Finally,  extensive  error  analysis  has  been  performed  which  show 
the  proposed  line  coding  method  to  be  relatively  immune  to  random  phase  errors. 

4.  Conclusions 

We  have  proposed  and  studied  a  novel  line  coding  scheme  which  can  be  used  to 
implement  an  all  clock  recovery  circuit.  The  bandwidth  of  the  receiver  is  limited 
only  by  the  response  time  of  the  PIN  diode  and  no  other  electrical  signal  processing 
device.  This  scheme  has  been  shown  to  more  efficient  than  other  self  clocked 
receiver  schemes  while  only  slightly  less  sensitive. 
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Figure  la:  The  Correlation  Transmitter- Receiver  Pair 


Input  Pulse  Output  Series  of  Phase  Coded  Pulses 


Figure  lb:  The  Resultant  Output  of  the  Transmitter 


Log  of  the  Symbol  Error  Rato  Normalized  Cross-Correlation 
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Maximum  Cross-Correlation  for  the  Optimal  Case 
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Figure  2;  Optimal 


Maximum  Cross-Correlation  for  Different  Signal  Sec  Sizes 
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Figure  3:  Receiver  Scnsivity  for  a  Normalized  Decision  Threshold  pf 
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When  scientists  model  long-distance  optical  fiber  communication  systems,  we  must 
deal  with  a  wide  range  of  length  scales  extending  from  1.5  /zm,  which  is  the  wavelength 
of  the  transmitted  light  signal,  to  27  Mm,  which  the  length  of  the  FLAG  cable  network. 
In  between,  there  are  a  host  of  other  length  scales  whose  values  depend  on  the  fiber 
parameters.  These  include  the  pulse  scale  lengths  which  are  in  the  range  of  0.3-30  cm,  the 
polarization  beat  length  which  is  3-30  m,  and  the  fiber  polarization  orientation  correlation 
length  which  is  on  the  order  of  10-100  m.  The  attenuation  scale  length  is  20-30  km,  and  the 
scale  lengths  for  polarization  mode  dispersion  and  chromatic  dispersion  can  be  as  small  as 
100  km  and  can  be  almost  arbitrarily  large.  These  scale  lengths  depends  on  both  the  fiber 
parameters  and  the  data  rate.  Nonlinear  scale  lengths  are  typically  on  the  order  of  1000 
km.  The  gap  of  13  orders  of  magnitude  between  the  shortest  and  the  longest  scale  lengths 
seems  like  a  serious  challenge,  and  it  would  in  fact  be  an  insuperable  challenge  if  we  really 
attempted  to  solve  Maxwell’s  equations  on  a  scale  length  of  micrometers  to  determine  the 
behavior  over  the  many  thousands  of  kilometers  that  exist  in  real  systems.  While  there 
have  been  some  attempts  to  directly  solve  Maxwell’s  equations  in  optical  fibers  over  short 
lengths  and  in  special  parameter  regimes,^  my  own  view  is  that  it  does  not  make  much 
sense  to  apply  this  sort  of  brute  force  approach  to  optical  fiber  transmission.  Instead, 
we  should  take  advantage  of  the  very  powerful  mathematical  averaging  techniques  that 
exist  to,  in  effect,  leap  over  the  shortest  length  scales  and  focus  on  the  length  scales  of 
interest.  These  techniques  have  a  long  and  distinguished  history  that  dates  back  to  the 
19th  century,^  and  the  well-known  slowly  varying  envelope  approximation  that  is  used  in 
optics  can  be  viewed  as  an  application  of  these  techniques. 

In  this  talk,  I  will  present  applications  of  this  approach.  I  will  first  focus  on  the 
derivation  of  the  nonlinear  Schrddinger  equation  which  takes  advantage  of  the  wide  dis¬ 
parity  between  the  wavelength  and  the  fiber  radius  on  one  hand  and  the  pulse  lengths  on 
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the  other  hand.  I  will  also  describe  the  derivation  of  the  averaged  nonlinear  Schrddinger 
equation  which  takes  into  account  the  disparity  between  the  attenuation  length  and  the 
length  scale  on  which  the  dispersion  varies  on  one  hand  and  the  dispersive  and  nonlinear 
lengths  scales  on  the  other  hand.  Finally,  I  will  discuss  the  coupled  nonlinear  Schrddinger 
equation  which  appears  when  polarization  effects  are  important  and  recent  work  by  my 
own  research  group  in  which  we  use  the  large  disparity  between  the  beat  length  and  fiber 
decorrelation  length  on  one  hand  and  the  nonlinear  and  dispersive  length  scales  on  the 
other  hand  to  obtain  the  Manakov-PMD  equation. 

If  polarization  effects  can  be  ignored,  then  many  of  the  length  scales  that  I  mentioned 
in  the  first  paragraph  can  be  ignored,  and  Hasegawa  and  Tappert®  showed  heuristically  as 
far  back  as  1973  that  single-mode  optical  fibers  can  be  described  by  the  equation 


where  ^  is  the  complex  wave  envelope,  normalized  so  that  is  the  pulse  power,  z  is 
distance  along  the  fiber,  t  is  time,  k”  is  the  dispersion  coefficient,  7  is  the  nonlinear  coeffi¬ 
cient,  and  a  is  the  attentuation/gain  coefficient.  Several  averages  occur  in  the  derivation 
of  Eq.  (1)  from  Maxwell’s  equation,  and  the  best  discussion  of  this  issue  in  my  opinion  has 
been  given  by  Kodama."^  One  averages  over  the  transverse  profile  to  reduce  the  problem 
from  three  spatial  dimensions  to  one,  and  one  averages  over  the  temporal  oscillations  to 
obtain  the  evolution  equation  for  the  complex  envelope.  Equation  (1)  is  the  lowest  order 
equation  in  an  expansion  in  which  the  small  parameters  are  a/L  and  A/ L,  where  a  and  A 
are  the  fiber  radius  and  the  light’s  wavelength,  while  L  is  the  length  scale  over  which 
changes.  Carrying  out  the  expansion  to  higher  order,  one  obtains  corrections  terms  that 
play  a  role  in  certain  parameter  regimes  —  notably  terms  that  contribute  to  higher-order 
dispersion  and  the  Raman  effect. 


It  is  possible  to  go  farther.  Noting  that  k"  and  a  vary  on  a  scale  of  10  to  20  km,  while 
the  nonlinear  and  average  dispersive  scale  lengths  are  100  -  1000  km,  one  can  average  once 
again  to  obtain® 


dz 


(2) 
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where  o:  =  0  and  the  overbars  indicate  averages.  Equation  (2)  is  just  the  nonlinear 
Schrodinger  equation.  I  note  that  this  approach  was  used  at  a  very  early  stage  by  Wai,  et 
al.®  to  show  that  when  k"  =  0,  the  effect  of  k'"  is  visible  even  if  k"  is  locally  large.  I  also 
note  that  Bronski  and  Kutz'^  have  recently  used  this  approach  to  elucidate  the  evolution 
of  NRZ  pulses  in  the  presence  of  dispersion  maps. 

When  polarization  effects  cannot  be  ignored,  Menyuk®  showed  in  1987  that  pulse 
evolution  is  described  by  the  coupled  nonlinear  Schrodinger  equation,  which  may  be  written 
after  normalization  as 


oz  \sm^  —  cos9  J  —cosBJ  dt 


1  „a2u  wo 

■3'=  -W  +  T’^ 


\ui\‘^Ui  +  ||■U2pUl  +  lulu* 
||ui|^U2  +  |u2pW2  +  luiU2 


(3) 


In  communication  fibers,  the  length  scale  on  which  9  varies  is  10-100  m  which  is  far 
shorter  than  the  dispersive  and  nonlinear  length  scales.  It  was  shown  by  members  of  my 
research  group  and  others  in  1991^  that  Eq.  (3)  reduces  to  the  Manakov  equation  when 
averaged  over  the  Poincare  sphere,  but  a  careful  justification  of  this  averaging  was  lacking 
and  the  natxxre  of  the  higher-order  corrections  was  unclear.  We  have  recently  resolved 
this  problem  completely.  Our  approach  is  based  on  the  observation  that  while  a  single 
frequency,  continuous  wave  at  low  intensity  undergoes  a  rapid  and  random  evolution  on 
the  Poincare  sphere,  the  trajectories  on  the  Poincare  sphere  of  different  frequencies  in 
the  bandwidth  of  a  typical  communication  signal  differ  only  slightly,  and,  likewise,  the 
difference  due  to  nonlinearities  is  small.  By  mathematically  “freezing  out”  the  rapid  motion 
of  the  continuous  wave  on  the  Poincare  sphere,  we  can  examine  the  gradually  developing 
deviations  at  different  frequencies  and  due  to  nonlinearity.  In  detail,  we  begin  by  solving 


the  equation 


9Uo 

+  mUo  +  p 


sin0 
-  cos  9 


for  a  single  continuous  wave  at  the  central  frequency  of  the  optical  signal  whose  complex 
amplitude  is  labeled  Uq.  In  principle,  we  need  to  solve  Eq.  (4)  on  the  short  length  scale. 
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but  that  is  strictly  necessary  only  when  we  wish  to  benchmark  our  results  against  Eq.  (3) 
for  a  given  realization.  Otherwise,  we  obtain  equations  with  known  statistical  properties 
that  allow  us  to  obviate  the  short  step  altogether.  In  any  case,  Eq.  (4)  is  a  simple,  second 
order  ordinary  differential  equation  that  can  be  rapidly  solved.  Solving  Eq.  (3)  yields  the 
evolution  in  the  form  Uo(z)  =  TUo(O).  Defining  now  V(z,t)  =  T“^U(z,t),  we  find  that 
the  equation  that  describes  the  evolution  of  V  may  be  written 


.av  l,„a2v  8a;o  ^  i2  ,  ,  |2\ 
%— - rfc  +  - — n2  (|ui|  +  \V2\  )  V 


dz 


9  c 

-  av 

+  i/3'A— +  N(V)  =  0. 


(5) 


where  A  is  a  matrix  with  known  statistical  properties,  and  N(V)  is  a  vector  whose  prop¬ 
erties  are  also  known.  In  contrast  to  the  other  transformations  that  I  have  discussed,  this 
one  is  exact\  The  fourth  term  on  the  right  corresponds  to  the  usual  linear  polarization 
mode  dispersion  (PMD)  and  the  fifth  term  includes  effects  due  to  incomplete  mixing  on  the 
Poincare  sphere  that  we  refer  to  as  nonlinear  PMD.  We  have  already  carried  out  careful 
numerical  studies  of  this  equation. 
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1.  Introduction 

Fibre  supported  millimeter- wave  communication  (FSMWC)  is  attracting  considerable  attention  in  the 
literature[l,2,3].  The  generation  of  millimeter- wave  in  such  communication  systems  is  based  on  the  mixing 
of  two  optical  carriers  on  a  PIN  photodiode.  The  frequency  difference  of  the  two  optical  carriers  should 
be  the  required  millimeter-wave  frequency.  The  two  optical  carriers  can  be  produced  by  using  two  lasers 
or  by  using  only  one  laser  and  a  Mach-Zehnder  (MZ)  modulator  which  is  modulated  by  a  sinusoidal 
wave  at  half  of  the  required  millimeter- wave  frequency [4, 5].  Since  the  fibre  length  for  FSMWC  systems 
can  be  several  tens  of  kilometers  and  the  powers  of  the  optical  carriers  can  approach  tens  of  milliwatts, 
stimulated  Brillouin  scattering  (SBS)  may  have  great  effects  on  system  performance[6,7,8].  Numerical 
results  have  been  published  in  [9]  based  on  steady-state  analysis  (SSA),  however,  for  systems  operating 
at  a  low  bit  rate  such  as  2Mbit/s,  the  total  signal  bits  travelling  inside  the  whole  length  of  the  optical 
fibre  may  not  be  large  enough  to  validate  SSA.  For  such  a  case  the  study  of  the  dynamics  of  SBS[10] 
can  provide  more  information  about  the  potential  effects  of  SBS  on  the  system  performance.  In  this 
paper  we  have  analyzed  the  effects  of  SBS  on  FSMWC  system  by  studying  the  dynamics  of  SBS.  Results 
are  shown  for  SBS  power  distribution  and  received  signal  eye  opening.  For  comparison  results  from 
SSA  are  also  shown.  The  analysis  of  the  dynamics  of  SBS  not  only  provides  the  time-averaged  values 
but  also  approximated  probability  density  functions  of  the  SBS  wave  and  the  received  signal  therefore 
should  provide  more  useful  insight  for  system  designers  to  understand  and  to  deal  with  the  SBS  effects 
on  FSWMC  systems. 

2.  System  Configuration  of  FSMWC  Systems 

A  block  diagram  for  FSMWC  system  is  shown  in  Fig.l.  A  dual  frequency  optical  source  generates  two 
optical  carriers,  which  can  be  produced  by  two  lasers,  or  by  a  semiconductor  laser  and  a  MZ  modulator, 
or  by  any  other  ways.  One  of  the  two  optical  carriers  is  modulated  by  the  ‘data’  signal  at  the  modulator. 
After  the  modulation  a  directional  coupler  is  used  to  combine  the  two  optical  carriers,  which  are  then 
transmitted  through  the  optical  fibre  to  a  photodiode.  The  desired  millimeter  wave  signal  is  generated  at 
the  output  of  the  photodiode  as  a  result  of  the  beating  of  the  two  optical  carriers  on  it.  The  millimeter 
wave  signal  is  then  filtered  ,  amplified  and  sent  to  an  antenna.  If  the  power  of  the  optical  carriers  are  high 
enough,  significant  SBS  wave  will  be  produced  by  the  two  optical  carriers  in  the  optical  fibre  because  of 
fibre  nonlinearity  and  subsequently  system  performance  will  be  degraded. 


3.  Mathematical  Model  for  the  Dynamics  of  SBS 

For  FSMWC  systems,  the  frequency  separation  of  the  two  optical  carriers  is  equal  to  or  greater  than 
30GHz,  with  the  60GHz  band  currently  of  especial  interest[ll].  This  frequency  separation  is  much  greater 
than  the  SBS  shift  frequency  of  about  llGHz  in  an  optical  fibre,  therefore  the  SBS  produced  by  the  two 
optical  carriers  can  be  considered  separately.  The  differential  equations  for  the  slowly  varying  amplitudes 
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of  the  electrical  waves  of  the  optical  carrier  Ec{z,t)  and  SBS  (2, t)  and  the  density  perturbation 
A{z,t)  are  as  follows[10]: 


dz 
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where  po  is  the  material  density,  p  is  the  relative  material  density,  eo  is  the  free-space  dielectric  permit¬ 
tivity,  Cr  is  the  relative  dielectric  permittivity,  is  the  characteristic  photon  damping  time,  Va  is  the 
acoustic  wave  velocity,  ksbs  and  kc  are  the  wave  numbers  for  the  SBS  and  the  optical  carrier,  Usts  and 
ujc  are  the  angular  frequencies  of  the  SBS  and  the  optical  carrier,  cq  is  the  light  velocity  in  the  vacuum, 
Ug  is  the  group  velocity  of  light  inside  the  fibre,  a  is  the  fibre  loss.  The  above  differential  equations  can 
be  normalized  by  assuming  that  approximately  Uc  =  uJsbs  =  ^  and  kc  =  kgbs  =  ^  and  using  the  following 
definitions: 
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where  n  =  r2  —  \Ec{z  =  0,t  =  0)|“^  and  Va  =  The  normalized  differential  equations  are  as 

follows: 


[A  +  =  -Esbsn{C,r)-A„{C,T)-an-Ecn{C,T) 

(10) 

(11) 

[|:  +  <5]  A„(C,  r)  =  7  ■  EcniC,  r)  •  (C, r) 

(12) 

where  an  is  the  fibre  loss  after  the  normalization  and 

7  =  PO  •  €0  •  2  •  ■  \Ec{z  =  0,t  =  0)p 

\  op  y  16  •  /c  •  Cq  lyg  ‘  l^a 

(13) 

The  above  three  normalized  differential  equations  can  be  solved  numerically  with  appropriate  boundary 
and  initial  conditions. 


4.  Results  and  Discussion 

This  section  shows  some  calculated  results.  The  optical  carriers  are  assumed  to  have  very  narrow  line  width 
before  modulation  and  the  powers  of  the  optical  carriers  are  4mW.  Amplitude  modulation  of  a  hurdred 
percent  is  assumed  on  one  of  the  optical  carriers.  Signal  bit  rate  is  assumed  to  be  2Mbit/s,  fibre  length 
is  assumed  20km.  Other  parameters  used  are  listed  in  Table  1.  Fibre  dispersion  effects  can  be  neglected 
for  such  a  low  bit  rate.  The  SBS  power  variation  with  time  and  signal  patterns  is  shown  in  Fig.2.  The 
three  curves  correspond  to  random  bit  sequency  starting  from  different  initial  states.  We  see  that  the 
SBS  power  changes  significantly  with  time  and  transmitted  signal  bit  patten.  Fig.3  shows  the  calculated 
probability  density  function  (pdf)  of  SBS  power  which  is  plotted  by  the  solid  line,  the  best  fit  curve  by  20 
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order  polynormal  which  is  plotted  by  dashed  and  dotted  line  and  an  approximation  of  it  using  function 
aix^  ‘  which  is  plotted  by  dotted  line.  Also  shown  are  the  average  SBS  power  calculated  using  the 
pdf  which  is  marked  by  ‘a’  and  the  average  and  worst  case  SBS  powers  by  SSA  which  is  marked  by  ‘b’ 
and  ‘c’  respectively.  The  pdf  provides  much  more  information  for  calculating  the  bit  error  rate  then  the 
average  or  worst  case  values  by  SSA.  Comparing  the  three  marked  values  we  see  that  the  worst  case  value 
by  SSA  is  too  pessimistic  and  can  be  several  times  larger  than  the  average  value  calculated  from  the  pdf 
and  the  average  power  by  SSA  is  optimistic,  which  is  caused  by  the  nonlinear  increase  of  SBS  power  near 
and  above  the  SBS  threshold.  Also  worth  noticing  is  that  the  pdf  of  the  SBS  power  can  be  approximated 
quite  well  by  function  aix^  • 

Fig. 4  shows  the  normalized  received  signal  eye  diagram.  We  see  that  SBS  causes  quite  great  eye  clo¬ 
sure,  however,  it  is  also  quite  obvious  that  the  received  signal  has  a  higher  chance  taking  a  value  near 
the  top  of  the  eye.  To  illustrate  this  more  clearly,  the  pdf  for  the  normalized  eye  opening  for  receiving 
bit  T’s  at  the  middle  of  the  bit  duration  is  calculated  and  shown  in  Fig.5  together  with  the  results  from 
SSA.  The  same  marks  as  in  Fig.3  are  used,  however,  the  approximation  of  the  pdf  for  this  figure  is  done 
by  a  mirrored  and  shifted  curve  of  function  a2X^  •  .  we  see  that  the  worst  case  value  by  SSA  is  still 

too  pessimistic  and  the  average  power  by  SSA  a  bit  optimistic  for  the  same  reason  given  above.  The  pdf 
can  still  be  approximated  quite  well  by  a  mirrored  and  shifted  curve  of  function  a2X^  • 


5.  Summary 

The  dynamics  of  SBS  and  its  effects  on  the  eye  opening  of  FSMWC  systems  has  been  studied  and 
compared  with  the  results  by  SSA.  Much  more  information  can  be  provided  by  the  study  of  the  dynamics 
of  SBS  than  by  SSA  as  pdfs  of  both  SBS  power  and  received  signal  can  be  calculated  approximately  for 
the  former  analysis.  Comparing  the  average  value  calculated  from  the  pdf  and  the  average  and  worst 
case  SBS  powers  by  SSA  we  see  that  the  worst  case  power  by  SSA  overestimates  the  effect  very  much 
while  the  average  power  by  SSA  underestimates  it.  Therefore  the  analysis  of  the  dynamics  of  SBS  is 
much  better  for  estimating  the  effects  of  SBS  on  FSMWC  systems,  especially  for  low  bit  rate  and  short 
length  systems. 
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Fibre  core  diameter  =  8.0^^ _ 

Fibre  toss  —  0.2dB/km _ 

Fibre  intrinsic  SBS  gain  constant  =  5  X  10”  km/W 

Fibre  dispersion  parameter  =  0 _ 

Fibre  dispersion  parameter  /3g  =  2.17  X  10~  s-s/km 

Fibre  dispersion  parameter  ^3  —  0 _ 

Frequency  band  of  millimeter  wave  =  60GHz _ 

SBS  gain  spectrum  bandwidth  =  20MHz _ 

SBS  frequency  shift  =  llGHz _ 


Fiht 


Table  1.  Parameters  used  in  the  Illustrative  Calculations 


Fig.l  Block  Diagram  of  Fibre  Supported  Millimeter-Wave  Communication  Systems 


Fig. 2  Variation  of  SBS  Power  with  Time  and  Signal  Pattern  Fig. 3  Probability  Density  Function  of  SBS  Power  and  Results 

from  Steady  State  Analysis 


normalized  time  t/T 


Fig. 4  Effect  of  SBS  on  the  Normalized  Received  Signal  Eye  Diagram 


Fig. 5  Probability  Density  Function  for  Normalized  Eye  Opening 
for  Receiving  Bit  T’s  at  the  Middle  of  Bit  Duration 
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Dispersion  compensation  is  of  crucial  importance  in  optical  fiber 
communication  systems.  Various  approaches  have  been  suggested  to  combat  the 
dispersive  broadening  of  optical  pulses  and  then  increase  data  transmission  rates.  A 
well-known  procedure  consists  in  launching  the  signal  at  the  output  of  a  first  fiber 
segment  (characterized  by  its  dispersion  parameter  P21)  in  a  second  section  presenting 
a  dispersion  parameter  of  opposite  sign.  As  long  as  the  condition  P22L2=  -  P21L1 
(Li^2  being  the  medium  lengths)  is  satisfied,  pulse  restoration  at  the  output  of  the 
second  segment  is  ensured.  This  approah,  however,  is  valid  only  in  the  linear  regime. 
Spectral  broadening  caused  by  nonlinear  self-phase  modulation  distorts  the  pulse  and 
the  above  technique  is  unable  to  compensate  for  this. 
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Some  time  ago  [1,2],  it  was  suggested  that  the  -then  new-  technique  of  phase 
conjugation  might  represent  an  interesting  solution  to  this  problem.  Phase  conjugation 
of  the  signal  at  the  end  of  a  first  fiber  section  would  induce  a  spectral  inversion  which 
implies  that  a  subsequent  propagation  in  an  identical  fiber  section  would  reshape  the 
pulse  in  its  initial  form.  The  recent  experimental  confirmation  of  the  validity  of  this 
proposition[3-5]  has  renewed  the  interest  for  phase  conjugation  and  has  simultaneously 
motivated  the  search  of  alternate  compensation  schemes.  In  this  report,  we  describe  a 
new  procedure  for  achieving  the  same  goal.  Basically,  we  extend  the  technique  of 
alternate  dispersions  described  above  to  the  nonlinear  regime  by  suggesting  the  use  of  a 
second  dispersive  medium  with  a  negative  nonlinear  refractive  index  parameter  n2 
(optical  fibers  are  characterized  by  a  positive  n2  ).  As  a  possible  candidate,  let  us 
mention  AlGaAs  which  can  present  a  strong  negative  nonlinearity,  as  well  as  a  high 
dispersion  parameter[6]. 

Through  numerical  simulations  of  nonlinear  pulse  propagation  based  on  the 
Nonlinear  Schrbdinger  Equation  (plus  higher-order  terms),  we  demonstrate  how  the 
impact  of  dispersion  and  nonlinear  Kerr  effect  (responsible  for  self-phase  modulation), 
accumulated  over  tens  of  kilometers  of  propagation  in  a  fiber  could,  in  principle,  be 
cancelled  out  following  a  short  additional  propagation  of  the  signal  in  such  a  material. 
This  is  illustrated,  for  example,  in  Figs  1  and  2  in  the  context  of  ultra-long  distance 
communications.  Figure  1  first  displays  the  signal  degradation  along  a  communication 
line  consisting  of  a  periodic  sequence  of  fiber  segments  (medium  1)  of  length  Li  =  20 
km  spaced  by  linear  (n22  =  0)  waveguides  (medium  2)  of  length  L2  only 
compensating  for  the  dispersion.  The  condition  P22L2=  -  P21L1  is  assumed  satisfied 
with  L2  «Li  by  using,  for  example,  a  chirped  grating  as  a  dispersion  compensator. 
An  amplifier  serves  to  reestablish  the  input  energy  before  re-launching  the  signal  in 
each  fiber  segment.  The  parameters  are:  ai  =  0.2  dB/km,  Li=  20  km,  P21  =  -1 
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ps^/km,  To=  15  ps  (implying  a  dispersion  length  L£)j  equal  to  225  km),  Po=  0.28 

mW.  One  can  observe  the  gradual  deformation  of  each  pulse,  due  to  the 
uncompensated  spectral  broadening  in  the  fiber  segments.  This  culminates  in  a  strong 
interaction  between  the  two  pulses.  In  contrast.  Fig.  2  demonstrates  that  the  signal  can 
be  preserved  if  the  ideal  conditions  (described  by  simple  analytical  expressions)  of  the 
proposed  technique  are  fulfilled.  Here  the  waveguide  is  assumed  to  have  a  negative 

nonlinearity  (  1x22=  -2.0  x  10"  cm^/W  [6]  and  the  ratio  of  effective  areas  is  fixed 
^^eff2  !  =0.1)  and  this  ensures  that  the  alterations  to  the  pulse  spectrum  in  each 

fiber  segment  do  not  accumulate  (as  is  the  case  in  Fig.l)  but  are  instead  cancelled  out 
before  passing  through  the  next  fiber  segment. 

We  will  discuss  of  the  viability  of  this  method  when  the  ideal  conditions  are 
not  satisfied.  It  will  be  shown  that  the  compensating  system  can  be  simplified  and  still 
perform  very  well.  The  influence  of  two-photon  absorption  and  higher-order 
dispersion  will  be  evaluated  and  a  comparison  with  soliton-based  communication 
systems  will  also  be  presented.  The  possibility  of  experimental  demonstration  of  this 
approach  will  be  addressed. 
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INTRODUCTION 

Silicon  micromachining  can  be  used  to  fabricate  motherboards  onto  which  optical, 
optoelectronic  and  electronic  components  can  be  aligned  using  low-cost  passive  alignment 
techniques.  Further  functionality  can  be  added  by  incorporating  planar  silica  waveguides, 
which  route  the  optical  signal  within  the  motherboard  and  may  also  perform  optical  processing 
functions.  This  paper  begins  by  describing  some  motherboard  elements  developed  at  BT 
Laboratories,  then  discusses  examples  of  two  modules  which  have  been  fabricated,  combining 
several  of  these  elements  to  form  optical  sub-systems. 

MOTHERBOARD  ELEMENTS 

A  series  of  “building  blocks”  for  hybrid  integration  has  been  developed  at  BT  Laboratories.  A 
generic  processing  route  has  been  devised,  which  enables  these  elements  to  be  fabricated  on  a 
single  motherboard  substrate,  with  many  processing  steps  being  common  to  several  building 
blocks.  Thus,  virtually  any  combination  of  hybrid  components  can  be  selected  to  produce  the 
desired  module. 

V-grooves  for  fibre  attachment  are  produced  by  anisotropic  etching,  with  sub-micron  control 
over  dimensional  and  positional  accuracy.  Since  the  fibres  are  held  in  place  using  adhesive,  a 
slot  is  also  etched  perpendicular  to  the  V-grooves,  to  allow  the  glue  to  flow  freely  underneath 
the  fibres.  The  sloping  end-face  of  the  V-grooves  can  be  removed  by  placing  a  shallow 
diamond  saw-cut  across  the  end  of  the  V-grooves,  allowing  the  fibres  to  be  brought  close  to 
other  devices  on  the  motherboard. 

Passive  alignment  of  laser  chips  has  been  achieved  with  sub-micron  precision,  giving 
coupling  efficiencies  of  up  to  27%  to  silica  waveguides  and  in  excess  of  50%  to  singlemode 
fibres.  The  alignment  technique  relies  on  precision  cleaving  of  the  laser  chip  and  butting  its 
edges  against  silica  stops  on  the  silicon  motherboard,  so  that  the  laser  active  region  is 
accurately  aligned  to  other  features  or  components  on  the  motherboard.  Once  the  laser  chip 
has  been  aligned  against  the  stops,  a  known  thickness  of  solder  beneath  the  laser  chip  is 
reflowed,  which  holds  the  laser  in  place  and  forms  one  electrical  contact  to  the  laser.  A  short 
wire-bond  connecting  the  laser  to  an  adjacent  bond  pad  forms  the  other  electrical  contact. 

Precision  cleaved  laser  chips  are  fabricated  by  defining  channels  in  the  quaternary  layer  of  the 
laser,  which  are  then  etched  to  form  U-shaped  grooves.  These  grooves  act  as  scribe  lanes,  and 
their  top  comers  locate  the  edge  of  the  chip  very  accurately  with  respect  to  the  laser  active 
region.  The  silica  stops  on  the  motherboard,  which  are  between  8  and  15  pm  thick,  are 
deposited  by  PECVD  and  patterned  using  a  combination  of  reactive  ion  and  wet  etching. 


IThBl-2  /  605 


Planar  silica  waveguides  based  on  arseno-silicate  glass  (ASG)  have  been  used  as  an  optical 
routing  medium  within  the  motherboard,  and  can  also  perform  optical  processing  functions 
such  as  routing,  switching  and  multiplexing.  Although  ASG  has  a  relatively  high  optical  loss  at 
around  0.4  dB/cm,  its  high  5n  means  that  the  excess  loss  at  waveguide  bends  is  very  low,  even 
for  very  small  bend  radii.  This  enables  very  dense  and  intricate  optical  interconnect  patterns  to 
be  defined  in  the  waveguides. 

Micromachined  mirrors  are  formed  from  metallised  V-groove  facets  and  may  be  used  to 
deflect  the  light  emerging  from  a  waveguide  into  a  substrate  entry  photodetector. 
Photodetectors  with  active  diameters  of  55  and  90  pm  have  been  used,  and  are  passively 
aligned  using  a  series  of  visual  alignment  markers  on  the  motherboard  surface.  Because  of  the 
large  alignment  tolerance  for  these  large  area  photodetectors,  this  alignment  technique  yields 
coupling  efficiencies  of 40-50%,  which  are  as  high  as  those  achieved  using  active  alignment. 

Electrical  interconnects  can  be  formed  from  thick  aluminium  layers  deposited  onto  the 
motherboard  and  patterned  into  the  correct  geometries  to  give  matched  impedance 
transmission  lines,  enabling  high  frequency  operation.  Vias  etched  in  a  silica  dielectric  layer 
and  coated  with  a  layer  of  Ti/Pt/Au  are  used  to  provide  contact  to  the  electrical  interconnect 
layer.  Components  can  be  bonded  to  these  metal  pads  using  either  solder  or  silver-loaded 
epoxy.  In  order  to  achieve  accurate  vertical  alignment  of  lasers,  a  precise  solder  thickness  is 
required.  The  bond  pads  to  which  lasers  are  soldered  therefore  include  a  10  pm  wide 
constriction,  so  that  surface  tension  prevents  the  flow  of  solder  from  the  region  directly 
beneath  the  laser  chip. 


Precision  cleaved  laser  Ti/Pt/Au 


Figure  1  -  Silicon  laser  optical  bench 
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EXAMPLE  MODULES 

1.  Silicon  Laser  Optical  Bench 

The  silicon  laser  optical  bench  combines  fibre  V-grooves  and  passive  alignment  of  a  1.55  pm 
laser.  In  order  to  give  a  high  coupling  efficiency,  a  large  spot  laser  was  used,  which 
incorporates  a  tapered  region  to  expand  the  laser  mode  to  match  that  of  the  fibre  [1].  The 
hybrid  system  is  shown  schematically  in  Figure  1 . 

Coupling  efficiencies  in  excess  of  50%  have  been  reproducibly  achieved  [2].  This  compares 
with  values  of  around  62%  for  fibres  actively  aligned  to  similar  lasers,  indicating  the  accuracy 
of  the  passive  alignment  mechanism.  The  thermal  properties  of  the  lasers  on  the  silicon  bench 
compare  favourably  with  test  devices  bonded  on  diamond  headers,  as  the  poorer  thermal 
conductivity  of  silicon  compared  to  diamond  is  compensated  for  by  the  large  footprint  of  the 
motherboard.  Back-to-back  bit  error  rate  measurements  indicate  that  the  device  is  capable  of 
modulation  at  rates  in  excess  of  600  Mbit/s. 

2.  High  Speed  Silicon  Motherboard  Transceiver 

A  hybrid  optical  transceiver  [3]  has  been  developed  under  the  “SOPHI”  project  funded  by  the 
UK  Department  of  Trade  and  Industry,  and  is  shown  schematically  in  Figure  2.  The  transmitter 
uses  a  1.3  pm  laser,  passively  aligned  to  a  silica  waveguide.  A  back  facet  monitoring 
photodiode  monitors  the  laser  output.  The  transmitted  signal  is  routed  via  a  planar  silica 
directional  coupler  to  the  edge  of  the  motherboard,  where  the  waveguide  is  interfaced  to  a 
single  mode  fibre.  The  received  1.55  pm  signal  enters  the  motherboard  via  the  same  fibre  and 
the  directional  coupler  routes  this  signal  to  a  photodetector,  which  is  interfaced  to  the 
waveguide  using  a  micromachined  mirror.  The  photodetector  is  connected  to  a  hybrid 
integrated  amplifier  chip  through  a  short  length  of  bond-wire.  Aluminium  coplanar  waveguide 
electrodes  are  used  to  carry  the  receiver  output  to  the  edge  of  the  motherboard  and  to  bring 
the  laser  drive  signal  from  an  external  driver  to  the  integrated  laser  chip. 


Isolating  groundplane  Receiver  amplifier 


Monitor 
photodetector 


Receiver 

photodetector 

Angled  mirror 

Directional  coupler 


Fibre 


Silica  waveguide 


Figure  2  -  Silicon  motherboard  transceiver 
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Modulation  experiments  have  shown  that  both  the  transmitter  and  receiver  operate  at 
frequencies  of  2.4  Gbit/s,  with  bit  error  rates  below  10'^. 

CONCLUSIONS 

A  generic  processing  route  has  been  devised,  which  enables  any  combination  of  hybrid  building 
blocks  to  be  fabricated  on  a  motherboard  substrate.  Two  example  modules  have  been 
described:  an  optical  bench  for  high  efficiency  passive  laser  to  fibre  coupling  and  a  high  speed 
transceiver. 
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1.  Introduction 

Devices  with  sUica  based  optical  waveguides  are  attracting  much  attention  for 
various  optical  communication  systems,  such  as  optical  subscriber  systems,  optical 
interconnects  and  so  on  [1-3]  .  Among  them,  silica  waveguide  devices  with  V-groove 
fiber  guide,  giving  rise  to  cost  reduction  in  module  assembly,  are  particularly  attractive 
for  optical  subscriber  systems.  However,  conventional  V-groove  design  requires  precise 
mask  alignment  along  specific  crystal  orientation,  which  may  deteriorate  total 
throughput  of  devices.  In  this  paper,  the  authors  demonstrate  silica  based  optical 
waveguide  devices,  with  novel  fiber  guide  design.  Average  coupling  loss,  as  low  as 
0.36dB,  with  single  mode  fiber,  has  been  achieved  from  80  individual  devices. 

2.  Silica  waveguides  with  novel  Si  fiber  guides 
al  Concent  of  novel  Si  fiber  guides 

For  easy  coupling  between  single  mode  optical  fibers(SMFs)  and  optical 
waveguides,  fiber  guides,  employing  Si  V-groove  structure,  are  effective.  Optical 
waveguide  devices  on  Si,  with  such  fiber  guide  structure  have  been  demonstrated  [4]  . 
However,  in  conventional  V-groove  structure,  very  precise  mask  alignment  along 
specific  Si  crystal  orientation  is  required.  Even  subtle  misalignment  of  etching  mask, 
relative  to  crystal  orientation,  may  cause  displacement  of  optical  axis  between  SMF  and 
optical  waveguide,  resvdting  in  increasing  optical  coupling  loss(Fig.la). 

To  overcome  this  problem,  we  propose  novel  fiber  guide  with  multiple  Si  mesas 
(Fig.  lb).  In  our  novel  structure,  the  tolerance  of  etching  mask  alignment  can  be  much 
enhanced.  The  corner  of  each  Si  mesa  can  support  SMF  in  accordance  with  waveguide 
optical  axis,  even  if  the  etching  mask  is  not  completely  parallel  to  crystal  orientation. 
Fig.2  shows  the  SEM  photograph  of  novel  fiber  guides  with  multiple  Si  mesas. 

bl  Silica  waveguide  formed  bv  APCVD 

To  obtain  well  defined  fiber  guides,  it  is  preferred  that  etching  masks  for  the 
fiber  guide  are  directly  formed  on  Si  substrate.  Since  under  clad  silica  layer  needs  to  be 
thicker  than  10  u  m,  etching  masks  need  to  be  patterned  on  Si,  before  silica  glass  layers 
are  deposited.  However,  conventional  methods  of  waveguides  layer  deposition,  such  as 
FHD,  require  high  temperature(about  1300“^)  treatment  [5]  ,  and  may  deteriorate 
etching  mask  quality,  resulting  in  fiber  guides  deformation. 

For  well  defined  fiber  guides  on  Si,  we  have  employed  atmosphere  pressure 


IThB2-2  /  609 


chemical  vapor  deposition(APCVD).  Tetraethoxysilane(TEOS)  was  employed  as 
precursor.  Thick(about  30  ix  m)  silica  glass  layers  have  been  deposited  at  as  low 
temperature  as  450^3.  Clad  layer  and  core  layer  consist  of  Germanium  and  Phosphorus 
doped  silica  glass(GPSG).  The  difference  of  refractive  index  between  core  layer  and  clad 
layer  can  be  controlled  by  controlling  tetramethoxygermanium(TMG)  flow  rate.  For 
fundamental  characterization  of  optical  waveguides,  we  have  fabricated  straight  optical 
waveguide  structure  with  fiber  guide  structiure.  The  core  layer  is  6  m  m  thick  and  6 
m  wide.  The  thickness  of  under  and  upper  clad  layers  are  15  m  m  and  10  /x  m, 
respectively.  The  relative  refractive  index  difference  was  0.35%.  As  low  as  0.05dB/cm 
optical  propagation  loss  was  obtained  at  the  wavelength  of  1.3  n  m. 

Process  flow,  forming  waveguide  with  fiber  guide,  is  shown  in  Fig.  3  .  The 
thickness  of  the  under  clad  layer  need  to  be  controlled  precisely,  since  vertical  position 
of  waveguide  relative  to  optical  fiber,  is  determined  by  this  thickness.  The  APCVD 
method  enables  to  control  the  film  thickness  distribution  below  5%  on  4  inches 
diameter  Si  substrate.  After  the  core  layer  is  deposited,  photoresist  mask  is  patterned 
for  waveguide  at  the  position  corresponding  to  the  fiber  guide.  The  core  layer  is  etched 
by  reactive  ion  etching  (RIE).  After  upper  clad  layer  is  deposited,  the  silica  layers  on 
the  part  of  fiber  guide  is  removed.  Finally  using  this  exposed  mask,  fiber  guide  is 
formed  by  anisotropic  chemical  etching. 

cl  Counhng  characteristics  with  SMF 

We  have  measured  straight  waveguide  devices  with  fiber  guides  fabricated  by 
above  process,  utilizing  alignment-free  coupling.  Fig.4  shows  measured  insertion  loss 
values  as  a  function  of  mask  pattern  width  for  fiber  guide.  Single  mode  fiber  was  used 
at  input  port,  and  multi  mode  fiber  was  used  at  output  port.  Insertion  losses  are 
measured  at  1.3  m  m.  The  insertion  loss  includes  straight  waveguide  loss,  coupling  loss 
caused  by  spot  size  diameter  mismatch  between  waveguide  and  optical  fiber,  and  excess 
loss  caused  by  displacement.  The  waveguide  loss  and  coupling  loss  are  estimated  as 
about  0.05dB  and  0.15dB  respectively.  Therefore  excess  loss  by  displacement  is  deduced 
as  about  O.ldB  in  case  of  126.5  m  m  wide  pattern.  Using  optimum  mask  width,  we  have 
fabricated  optical  waveguide  devices.  Fig.  5  shows  the  histogram  of  coupling  losses 
measured  for  80  devices.  The  average  coupling  loss  as  low  as  0.36dB  was  obtained. 

3  Transmitter/receiver  optical  module 

Using  above  result,  we  have  fabricated  a  hybrid  integrated  bi-directional 
transmitter/receiver  optical  module  shown  in  Fig.6  The  module  consists  of  LD,PD  and 
optical  fiber,  which  are  connected  to  the  waveguide.  The  waveguide  contains  Y  branch 
and  directional  coupler  for  1.3  jx  m  /1. 55  ix  mWDM.  LD  and  waveguide  are  connected 
through  short  length  single  mode  fiber  with  hemispherical  lens  facet.  The  short  length 
fiber  and  other  fibers  are  connected  to  the  waveguide  using  fiber  guide  fabricated  on 
the  Si  substrate.  Ordinary  1.3  ix  m  InGaAsP  BH-LD  and  InGaAs  PIN-PD  were 
employed.  Output  optical  power  from  module  of  more  than  +0dBm,  and  conversion 
efficiency  of  PD  of  about  0.25A/W  were  obtained. 

4.Conclusion 

The  authors  have  developed  silica  based  optical  waveguide  devices  with  novel 
fiber  guide  structure  fabricated  on  Si  substrate.  Optical  waveguide  are  formed  by 
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APCVD  method  at  low  temperature.  As  a  result,  very  low  (~0.1dB)  excess  coupling  loss 
by  displacement,  between  fiber  and  waveguide,  was  obtained.  Further,  using  this 
technique,  transmitter/'receiver  optical  modules  have  been  demonstrated. 
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Fig.  1  Schematic  diagram  showing  coupling  using  fiber  guide 
(a)  conventional  (b)  novel  fiber  guide 


Fig.2  SEM  photograph  of  fiber  guide  with 
Si  multiple  mesas 


Fig.  3  Schematic  diagram  of  process  flow 


Insersion  Loss(dB) 
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mask  width  of  fiber  guide  ( u  m) 

Fig.  4  Insertion  loss  vs.  mask  width 

of  fiber  guide 


short  length  hemispherical  fiber 


Fig.6  Schematic  diagram  showing  transmitter/ 
receiver  optical  module  with  fiber  guide 
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MOTIVATION 

The  current  fiber  optic  component  market  has  reached  a  level  of  maturity  in  that  fiber  optics  has 
spread  quickly  and  easily  into  long  haul  communication  applications  and  cable  TV  trunks.  The 
next  phase  of  their  deployment  could  be  in  connecting  the  last  mile  between  the  outside  plant 
locations  and  the  subscriber.  This  wiU  require  either  a  significant  justification  for  increased 
subscriber  fees  or  a  large  reduction  in  the  cost  of  these  items.  The  market  for  fiber  optic  gyros  is 
in  a  similar  position.  Fiber  optic  gyros  present  improved  performance  and  increased  reliability 
over  existing  mechanical  gyros,  but  at  an  increase  in  cost.  If  the  cost  of  the  components  for  both 
of  these  applications  could  be  reduced,  vast  new  markets  could  be  available  to  them.  A  team, 
consisting  of  Lucent  Technologies,  Bell  Labs  Innovations  (formely  the  equipment  business  of 
AT&T),  Allied  Signal  Aerospace  (ASA),  and  the  Advanced  Research  Projects  Agency  (  ARP  A), 
brought  together  by  the  Technology  Reinvestment  Project  (TRP)  [1]  process  aims  to  bring  about 
this  cost  reduction  through  the  development  of  an  Integrated  Electro-Optic  Module  (lOEM).  In 
October  1995,  Fibersense  Technology  joined  the  consortium  and  is  adding  their  expertise  to  the 
venture. 


TRANSCEIVER 

The  prototype  opto-electronic  module,  schematically  depicted  in  Fig.  1,  contains  a  compact 
optical  subassembly  (OSA)  and  either  a  hybrid  electronic  circuit  or  an  ASIC  circuit  organized  on 
a  multi-chip  module  (MCM).  The  design  implements,  in  a  single  24  pin  dip  package,  an 
encapsulated  diode  laser  source  subassembly,  a  waveguide  splitter  with  two  PIN  photodiodes 
mounted  on  top  for  a  receiver  and  for  a  laser  monitor,  and  an  external  fiber  attachment,  along 
with  the  laser  driver  electronics,  with  a  feedback  stabilization  circuit,  the  receiver  pre-amp  and 
post  amp,  an  A-to-D  converter  and  the  required  voltage  regulator  circuits.  The  electrical 
specification,  design  and  production  of  the  prototype  components  was  provided  by  Allied  Signal. 
The  proposed  application  for  this  design  is  a  to  replace  what  is  currently  an  assemblage  of 
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individually  packaged  components  for  a 
reduced  cost  fiber  optic  gyro.  The 
current  state  of  the  art  has  separate 
packages  for  the  source,  the  receiver, 
the  bi-directional  splitter  and  the 
electronics.  Each  optical  package 
contains  a  fiber  pigtail  and  assembly 
requires  individual  fiber  attachment  to 
the  devices  and  splicing  of  the  fibers  to 
interconnect  devices.  The  lOEM 
module  eliminates  much  of  the  time  and 
cost  associated  with  these  processes. 


Fig.  1  Silicon  Optical  Bench  Transceiver 
SILICON  OPTICAL  BENCH 

The  design  of  the  optical  subassembly  utilizes  Lucent  Technologies  existing  Silicon  Optical  Bench 
Technology  [2].  This  technology  utilizes  5"  silicon  wafer  processing  to  implement  passive  wave 
guide  designs  and  Si  micro-machining  for  packaging  to  achieve  low  cost,  high  yield  component 

integration.  The  passive  waveguide 
technology  allows  for  high  density 
distribution  of  optical  signals  and  functional 
device  integration.  The  baseline  transceiver 
uses  a  single  fiber  bi-directional  approach. 
The  main  kernel  of  the  design  centers 
around  a  passive  waveguide  chip  which 
forms  an  integrated  tap.  The  waveguide 
chip  (see  Fig.  2)  contains 
photohthographically  defined  waveguides, 
turning  mirrors  with  metalization  for  high 
couphng  efficiency  (>  75%),  metal  bonding 
pads  ,  deposited  solders,  and  solder  dams.  The  waveguides  are  formed  in  glass  layers  grown  and 
deposited  on  the  Si  surface  through  CVD  techniques.  Standard  photolithography  is  used  to 
define  the  waveguide  position,  structure  and  function.  The  functions  the  waveguides  perform  for 
this  device  are  simply  to  spht  the  source  light  between  the  monitor  photodiode  and  the  fiber 
output  and  split  off  half  of  the  incoming  signal  to  the  receiver  photodiode.  Two  ends  of  the 
waveguides  terminate  at  fiber  attach  points  and  the  other  two  ends  terminate  at  turning  mirror 
structures  etched  into  the  glass  surface.  The  PIN  photodiodes  are  soldered  over  the  turning 
mirrors  utilizing  a  self-centering  technique  that  is  made  possible  by  the  mask  defined  metalization 
and  solder.  The  detectors  are  tack  bonded  in  position  and  are  ahgned  during  a  solder  reflow  step. 
Wire  bonds  are  used  to  make  the  electrical  connections  to  the  P-contact. 
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SiOB  piece  parts  are  also  used  to  fabricate  the  Laser  OSA.  This  component  contains  metal 
bonding  pads  for  laser,  fiber  alignment,  thermistor  attachment,  and  electrical  routing,  deposited 
solder  and  solder  dams,  and  heater  strips  for  implementing  the  solder  fiber  attachment.  The  light 
is  coupled  from  the  laser  into  the  fiber  using  a  highly  efficient  (>  50%)  and  highly  reproducible 
chemically  etched  lens  at  the  fiber  tip.  This  source  component  also  forms  the  kernel  of  the 
LASERPAC  component  (ref.  1)  The  source  is  encapsulated  with  a  Si  machined  lid  which 
protects  both  the  laser  and  the  fiber  attachment.  This  source  pill  can  then  be  safely  handled  for 
polishing  and  subsequent  attachment  to  the  waveguide  integrated  tap  component. 


ELECTRICAL 

The  design  includes  the  light  source  drive,  receiver  and  source  monitor  detector  signal 
amplification  and  filtering,  and  receiver  detector  analog-to-digitial  (A/D)  conversion  functions. 
The  circuit  design  is  based  on  already  established  fiber  optic  gyroscope  electronics,  but  will  be 
applicable  to  a  multitude  of  continuous  wave  sensor  applications.  The  key  element  is  the 
selectively  coated  ceramic  metal  substrate  material.  The  metal  core  can  be  selected  to  provide  the 
optimum  combination  of  strength,  thermal  conductivity,  and  cost  The  thin  film  multichip  module 
allows  for  high  density  interconnects.  The  process  is  based  on  photo-definable  polyimide 
dielectric  layers.  Two  forms  of  the  design  exist.  One  is  the  hybrid  layout  shown  in  Fig.  3,  with  14 
integrated  circuits  and  numerous  resistors  and  capacitors.  The  other  consists  of  an  ASIC  design, 
which  integrates  all  of  the  above  functions  onto  a  single  integrated  circuit. 


Fig  3.  Electrical  Hybrid  MCM 


PERFORMANCE 

A  completely  functional  transceiver  device  has  been  fabricated  utilizing  the  components  described 
in  this  talk.  The  device  performance  results  are  listed  in  the  tables  below.  The  transmitter 
characteristics  showed  stable  optical  power  output  to  over  1  mW,  and  the  receiver  operated  with 
a  responsivity  of  .38  A/W  with  a  gain  of  200,000  in  its  operating  frequency  range  of  up  to  1  MHz. 
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OSA  Characteristics: 


Optical  Power 

Current 

Monitor 

Receiver 

ImW 

50  mA 

0.32  AAV 

0.38  AAV 

Transmitter  Characteristics; 


Optical  Power 
(M.W) 

Rsat 

(V) 

LD  Power 
(V) 

LD  Current 
(mA) 

Temperature 

(DegC) 

100 

1.6 

3.59 

21 

22 

200 

3 

3.57 

24 

22 

Receiver  Characteristics: 


Input  Signal 
(P-P) 

Freg. 

(kHz) 

Dmon 

(P-P) 

LPl 

(P-P) 

Rise  Time 
(nsec) 

125  nW 

200 

5  mV 

1.1  V 

500 

CONCLUSIONS 

A  hybrid  integrated  bi-directional  single  mode  electro-optic  transceiver  has  been  fabricated 
utilizing  processes  that  are  consistent  with  potentially  low  cost  manufacturability  for  large  volume 
applications.  Work  continues  on  implementing  the  passive  attachment  of  fibers  and  the 
integration  of  passive  alignment  of  beam  expanded  lasers  to  the  waveguides. 
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Laser  diodes  with  a  narrow  and  circular  output  beam  are  of  great  importance  because  they 
enable  us  to  get  high  coupling  into  single  mode  fiber  with  a  large  alignment  tolerance. 
LDs  with  mode-field-converter  (MFC-LD)  to  increase  the  optical  spot  size  are  intensively 
investigated  [l]-[4].  Monolithically  integrated  either  vertically  or  laterally  tapered 
waveguide  is  usually  used  for  MFC.  A  simple  fabrication  of  integrated  vertically  tapered 
waveguide  has  been  reported  utilizing  selective  area  epitaxy  of  QW  structure  onto  the 
dielectric  patterned  substrate  [3]. 

In  this  paper,  we  report  the  estimation  of  waveguide  loss  of  MFC  region  and  excellent 
lasing  characteristics  of  1.3|j,m  MFC-LDs. 

The  MFC  LD,  fabricated  by  use  of  MOCVD  selective  area  epitaxy,  is 
schematically  shown  in  Fig.l.  It  consists  of  gain  and  MFC  regions.  Strained-layer  five 
quantum  wells  (SL-MQW)  structure  with  GRIN-SCH  is  grown  on  the  patterned 
substrate  with  dielectric  film.  The  thickness  of  the  MFC  region  is  about  one  third  that  of 
the  gain  region.  A  high  resolution  scanning  electron  microscope  (HR-SEM)  measurement 
reveals  that  the  thickness  distribution  of  the  tapered  waveguide  along  the  cavity  decreases 
exponentially. 

Figure  2  shows  the  threshold  current  density  (Jth)  versus  the  length  of  MFC  region 
(Lwg)  as  a  parameter  of  Lact-  The  Jth  increases  with  Lact  for  cases.  Assuming  the 
logarithmic  gain  of  the  quantum  wells,  Jth  is  given  as  follows: 

T  XT  T  fai+(Lwg/Lac)awg+(l/2Lac)ln(l/c2RiR2) 

Jth=NwJoexp{ - ^ ^ - 

I  TGo 

Here,  is  the  number  of  wells,  Jq  is  the  transparent  current  density  per  well,  Gq  is  the 
gain  coefficient,  at  and  ttwg  are  the  internal  loss  of  the  gain  and  MFC  regions, 
respectively.  Ri  and  R2  are  the  facet  reflectivity  of  the  front  and  rear  facets,  respectively, 
r  is  the  optical  confinement  factor  of  the  gain  region.  C  is  the  coupling  coefficient  of  the 
electric  field  between  the  gain  and  MFC  regions.  We  assumed  C  as  to  be  unity  since 
thickness  and  composition  at  the  jointed  section  connected  smoothly  in  this  manner. 
From  eq.  (1),  J*  increases  with  Lwg  and  shows  small  dependence  for  the  longer  Lac-  If 
the  ttwg  is  a  constant  value,  logarithm  of  Jth  (In(Jth))  increases  linearly  in  respect  to  Lwg. 
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However,  it  is  experimentally  shown  that  In(Jth)  has  a  different  slope  for  all  Lac  at  around 
Lwg=100)xm.  This  means  that  the  waveguide  loss  is  not  a  constant  value.  If  we  assume 
the  loss  as  a  function  of  the  distance  from  the  end  of  the  gain  region,  z  as 
<^wg(z)=otwg(0)exp(-hz)+awgc.  we  can  explain  the  experimental  results.  Here,  awg(O),  h 
and  ttwgc  are  the  constant  values,  a^gc  is  assumed  to  be  lOcm'^,  which  is  a  loss  value  of 
the  GalnAsP  layer  with  a  bandgap  wavelength  of  1.2|xm,  PL  peak  wavelength  of  the 
MFC  region,  for  the  1.31|im  lasing  wavelength.  If  we  assume  the  loss  of  the  MFC 
region  as  in  Fig.3,  calculated  threshold  current  density  agrees  well  with  the  experimental 
data  as  shown  in  Fig. 4.  The  assumed  loss  curve  coincides  with  the  thickness 
measurement  along  the  cavity  by  HR-SEM. 

Figure  5  shows  the  temperature  dependence  of  CW  L/I  characteristics  for  a 
cleave/HR  device  with  Lact=700p.m  and  Lwg=100)xm.  The  maximum  output  power  over 
50mW  was  achieved  from  the  MFC  facet  at  25°C.  The  inset  shows  the  far-field-pattern 
(FFP)  parallel  and  perpendicular  to  the  junction  plane  at  an  output  power  of  20m W.  The 
full  widths  at  half  maximum  of  FFPs  parallel  and  perpendicular  to  the  junction  plane  are 
11°  and  11°,  respectively.  The  maximum  operating  temperature  was  as  high  as  120°C. 
The  characteristic  temperature  Tq  of  58K  is  measured  in  the  temperature  range  of  20- 
85°C. 

In  conclusion,  waveguide  loss  of  narrow  beam  lasers  using  selective  MOCVD  is 
experimentally  verified  for  the  first  time.  A  low  threshold  current  of  12mA  and  high 
output  power  over  50mW  are  obtained  in  a  1.3|im  MFC-LD  with  a  narrow  beam  angle  of 
irxll°. 
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Fig.  1  Schematic  diagram  of  a  1.3|im  Fig. 2  Threshold  current  density  versus 
MFC-LD  fabricated  using  selective  area  Lwg  as  a  parameter  of  Lact* 
growth  of  MOCVD. 
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Fig. 3  Estimated  loss  curve  of  the  MFC 
region.  The  loss  curve  is  similar  to  the 
thickness  distribution  in  the  MFC  region, 
measured  by  HR-SEM  measurement. 


Fig. 5  Light  output  versus  injection 
characteristics  of  a  SOOjxm-long  MFC-LD 
with  HR  coating  on  rear  facet.  The 
threshold  current  is  12mA.  Inset  shows  the 
FFP  pararell  and  perpendicular  to  the 
junction  plane.  The  FWHMs  of  FFP  are 
11°  (parallel)  and  11°  (perpendicular), 
respectively. 


Fig.4  Calculated  threshold  current  density 
versus  waveguide  length  for  a  Lact=500iim 
device.  Experimantal  data  are  also  shown. 
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Low  loss  coupling  and  passive  alignment  of  lasers  to  single  mode  fibers  are  key 
technologies  for  opto-electronic  packaging.  Single-mode  fiber  coupling  of  semiconductor 
lasers  usually  results  in  a  significant  insertion  loss  of  several  dB.  This  excess  loss  stems 
from  the  undesirable  waveguide  properties  of  laser  diodes.  A  new  design  for  980  nm  laser 
featuring  low  divergence  (15°)  and  low  ellipticity  (1.5)  is  presented  and  shown  to  result  in 
less  than  1  dB  coupling  loss  into  a  cleaved  fiber.  The  active  alignment  cost  of  the  single¬ 
mode  fiber  to  the  laser  laser  has  a  important  impact  on  the  the  cost  of  photonic  packages. 
We  also  report  on  a  low-cost  packaging  technique  based  on  passive  alignment  of  a  laser 
array  to  a  Silica-on-Silicon  waveguide  array,  with  36%  coupling  efficiency. 

Conventional  semiconductor  lasers  support  a  highly  divergent  and  elliptical  mode  with 
a  small  spot  size  that  does  not  match  the  mode  size  of  single  mode  fibers.  The  high  beam 
divergence  of  semiconductor  lasers  in  the  vertical  direction  exceeds  the  acceptance  angle 
(numerical  aperture)  of  key  optical  elements  such  as  single  mode  fibers  and  many  lenses. 
This  large  numerical  aperture  in  the  perpendicular  plane  also  causes  large  aberrations  in 
spherical  lenses  such  as  ball  lenses  or  lensed  fibers  with  spherical  tips  and  results  in  large 
phase  front  distortion  and  additional  coupling  losses.  Finally,  the  beam  asymmetry  of  the 
laser  beam,  typically  3:1,  seriously  degrades  the  coupling  efficiency  into  single  mode 
optical  fibers  with  symmetric  modes.  The  small  waist  size  also  translates  into  very  tight 
alignment  tolerances.  Low  loss  fiber  coupling  requires  lasers  with  more  symmetric  circular 
beams  and  low  vertical  divergence  angles. 


The  main  challenge  of  the  design  large  spot  size  lasers  with  a  circular  output  beam  is  to 
reduce  the  divergence  in  the  vertical  direction.  In  our  structure,  the  low  divergence  was 
achieved  solely  by  waveguide  engineering.  Mode  shaping  was  obtained  by  introducing 
extra  layers  of  low  index  materials  in  the  structure  around  the  waveguide  core,  as  shown  in 
Fig.  1.  As  a  result,  the  effective  index  of  the  mode  is  reduced  and  the  mode  penetrates 
further  into  the  cladding  (Fig.  1). 
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Fig  1)  Waveguide  structure  of  a  narraow  divergence  980  nm  laser. 
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Figure  2a)  Measured  mode  profile  of  the  low-divergence  laser.  The 
FWHM  divergence  angles  parallel  and  perpendicular  to  the  junction  are 
mentioned  on  the  left  and  right  side  respectively.2b)  Light-current  curve 
demonstrating  80%  coupling  efficiency  between  the  low  divergence  laser 
diode  and  cleaved  PF-1  fiber. 


Lasers  incorporating  this  waveguide  design  were  fabricated  in 
GaAs/AlGaAs/InGaAs  by  MOCVD.  The  laser  characteristics  are  shown  in  figures  2.  The 
measured  far-field  divergence  at  FWHM  is  9x15.2°,  with  an  aspect  ratio  of  only  1.5  . 

Figure  2b)  also  shows  the  fiber  coupling  results.  The  laser  was  directly  butt- 
coupled  to  a  cleaved  single  mode  fiber  (PF-1).  A  coupling  efficiency  of  80%  or  -0.98  dB 
was  measured.  This  is  very  close  to  the  estimated  theoretical  maximum  coupling  efficiency 
of  -0.68  dB  (using  overlap  integration  of  Gaussian  beam  shapes  and  zero  spacing)  for  this 
arrangement.  One  important  aspect  that  has  a  major  impact  on  the  manufacturing  cost  and 
performance  of  a  fiber-coupled  package  is  the  alignment  tolerance.  We  tested  the  alignment 
sensitivity  and  measured  the  coupling  loss  as  function  of  the  vertical  offset  of  the  single 
mode  fiber  from  its  optimum  position.  The  measured  tolerance  at  ±  1  dB  range  was  2.4 
|im  and  a  ±  3  dB  range  of  4.45  pm,  starting  from  an  absolute  minimum  coupling  of  -1  dB. 

Another  important  research  direction  in  photonics  packaging  is  to  reduce  the  cost 
and  time  of  alignment  between  the  laser  and  the  single  mode  waveguide  or  fiber.  We  report 
an  efficient  coupling  method  from  a  laser  array  mounted  on  a  Silica-on-Silicon  using  an 
entirely  passive  alignment  method.  The  passive  alignment  principle  relies  on  a  Silica-on- 
Silicon  platform  where  etched  alignment  ridges  and  optical  waveguides  match  similar 
grooves  etched  on  the  laser  diode  array.  The  Silica-on-Silicon  chip  had  three  set  of  features: 
an  array  of  4  straight  waveguides  (500  pm  pitch),  an  array  of  contact  pads  to  provide 
bonding  area  and  individual  p-down  contacting  of  each  element  of  the  array,  and  alignment 
ridges  on  which  the  matching  grooves  on  the  laser  were  aligned  during  the  passive 
alignment.  The  alignment  features  on  the  Silicon  platform  were  realized  in  the  same  glass 
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material  as  the  waveguides.  All  features  (waveguide  and  alignment)  were  fabricated  in  the 
same  lithography  step  and  etch,  guaranteeing  perfect  alignment  of  the  rails  with  respect  to 
the  waveguides.  In  this  experiment,  the  waveguides  were  not  strictly  single  mode  in  the 
lateral  direction,  but  they  were  single  mode  in  the  transverse  direction,  which  is  the  most 
difficult  to  align.  An  array  of  four  980  nm  laser  diode  was  processed  with  an  additional 
groove  etched  on  the  p-side  to  match  the  alignment  rails  of  the  carrier  chip.  Thin  solder  was 
patterned  on  the  Silicon  carrier  over  the  contact  pad  with  characteristics  similar  to  the  solder 
used  for  bonding  of  high-power  lasers.  The  solder  was  then  molten  and  the  laser  was 
lowered  onto  the  Silicon  platform  and  pushed  until  it  clicked  into  the  alignment  rails.  The 
mounted  array  is  shown  in  Fig.  3. 


Silica  On  Silicon 
Optical  Bench 


Silica  Waveguide  Array 

Fig.  3:  Mounted  array  on  a  Silica  on  Silicon  package. 

Three  of  the  4  lasers  were  successfully  coupled  to  the  waveguides.  Excess  solder  in 
front  of  the  fourth  laser  at  the  edge  prevented  the  light  to  couple  in  the  last  waveguide.  The 
power  measured  out  of  the  first  glass  waveguide  is  compared  to  the  power  of  an  uncoupled 
laser  diode  in  Fig.  3.  A  coupling  efficiency  of  about  36%  is  inferred  from  these  curves. 
CW  measurements  revealed  that  as  much  as  30  mW  were  coupled  into  the  waveguide.  This 
indicates  good  thermal  quality  of  the  p-down  bonding.  Unfortunately,  other  waveguides 
were  broken  in  the  middle  of  the  chip  which  prevented  the  light  to  reach  the  ouput  and  be 
measured.  Scattered  light  seen  by  a  CCD  camera  looking  from  the  top  of  the  package 
indicates  that  the  light  was  efficiently  coupled  in  waveguide  the  portion  before  the  break. 
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Fig.  4:  Light  output  from  one  waveguide  compared  to  a  diode  L-I  before 
coupling  suggests  30  %  coupling  efficiency. 


In  conclusion,  we  report  on  two  important  packaging  techniques: 

-  a  low  divergence  circularized  laser  design  with  a  1  dB  coupling  loss  to  a  cleaved 

fiber. 

-  a  passive  alignment  technique  that  allows  p-down  mounting  of  an  array  of  laser 
diodes  to  a  Silica-on-Silicon  photonic  integrated  circuit. 

These  low-loss  and  low-cost  packaging  methods  are  believed  to  become  more  and 
more  important  for  future  commercial  development  of  optoelectronics. 
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Linearized  modulators  are  desirable  for  improving  the  dynamic  range  of  fiber  optic  links 
used  in  analog  applications  such  as  cable  TV  transmission,  distributed  antenna  networks  for 
cellular  telephone  systems,  phased-array  antenna  control,  and  other  antenna  remoting 
applications.  We  report  here  a  very  simple  and  practical  modulator  that  is  useful  in  many  of 
these  applications. 

A  variety  of  linearized  modulator  designs  that  reduce  both  second-  and  third-order 
distortion  have  been  proposed,  and  some  demonstrated,  over  the  last  several  years.  These 
generally  have  proven  so  difficult  to  build  and/or  control  that  they  have  not  been  used  much  in 
practical  systems.  Also,  these  broadband  linearized  designs  all  involve  some  penalty  in 
modulator  response  compared  to  standard  designs  such  as  the  Mach-Zehnder  interferometric 
modulator.  Many  of  the  analog  applications  mentioned  above  require  only  a  sub-octave 
bandwidth,  so  second-order  distortion  signals  fall  out  of  the  system's  frequency  range  and  can  be 
ignored.  Modulators  designed  to  reduce  only  third-order  distortion,  such  as  the  devices  reported 
here,  are  much  simpler  than  broadband  linearized  modulators  and  can  be  made  with  no  penalty  in 
response. 

The  connection  of  two  standard  Mach-Zehnder  interferometers  (MZ)  in  series  [1],  as 
shown  in  Fig.  1,  efficiently  reduces  third-order  distortion.  The  two  bias  points  (j)!  and  (j)2  and  the 
voltage  splitting  ratio  r  can  be  adjusted  so  the  third  derivative  of  the  electrical-to-optical  transfer 
function  is  zero,  which  reduces  the  third-order  distortion  (it  does  not  eliminate  it  because  some 
still  comes  from  fifth-degree  and  higher  terms).  This  modulator  is  a  simplification  of  the 
broadband  linearized  series  interferometer  [2],  in  which  the  extinction  of  one  MZ  must  be 
reduced  to  achieve  simultaneous  second-order  linearization.  There  are  a  variety  of  choices  for  r, 
(j)!  and  (j)2  that  give  linearization.  The  second  modulator  must  be  driven  in  phase  with  the  first, 
though.  If  we  require  r=l  and  <l)i=(t)2,  the  modulator  is  symmetric.  With  these  additional 
constraints,  there  is  a  unique  solution,  (j)i=(()2=104.5°.  In  this  case,  the  series  MZ  can  be  cut  in 
half  and  a  mirror  placed  in  the  middle.  Input  light  travels  through  the  modulator,  is  reflected,  and 
travels  through  the  modulator  again,  giving  the  desired  series  effect.  The  fundamental  drawback 
to  this  simple  lumped-element  design  is  that  the  second  modulator  is  no  longer  driven  in  phase 
with  the  first.  The  light  is  delayed  by  the  transit  time  to  the  mirror  and  back.  This  limits  the 
frequency  at  which  the  linearization  works;  we  will  discuss  this  further  below.  The  big 
advantage  to  using  the  mirror  is  that  the  modulator  is  now  as  simple  as  a  standard  MZ  modulator: 
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it  has  one  electrical  input,  one  bias  point  to  control,  and  the  third-order  distortion  has  a  single 
minimum  in  the  0°<(l)i<180°  range  so  it  is  easy  to  find. 

We  fabricated  the  double-Y  devices  (the  type  shown  in  Fig.  2)  on  LiNbOs  using  Ti- 
indiffused  waveguides.  The  fiber-to-fiber  loss  of  the  modulator  was  =7.0  dB.  We  tested  the 
devices  in  an  analog  link  by  using  an  optical  circulator  to  separate  the  input  and  output  light,  as 
shown  in  Fig.  2  (the  circulator  added  2.6  dB  optical  loss).  In  a  two-tone  intermodulation  test,  the 
third-order  intermodulation  signal  falls  as  the  fifth  degree  of  the  input  power,  as  expected  for  a 
linearized  modulator.  The  dynamic  range  was  85.5  dB  for  a  1  MHz  noise  bandwidth;  for 
modulation  depths  where  the  fifth-degree  slope  holds,  the  bandwidth-normalized  dynamic  range 
was  134  dB-Hz‘^/5  At  405  mW  optical  input  power  (1321  nm  Nd:YLF  laser),  a  link  noise  figure 
(no  amplifiers!)  of  6  dB  was  achieved  at  150  MHz  with  a  resonant  impedance-matching  circuit 
connected  to  the  36-mm-long  modulator  electrodes  [3].  This  very  low  noise  figure  is  due  to  a 
combination  of  the  high  optical  power,  the  lack  of  a  response  penalty  for  linearization,  and  the 
very  low  V^t  of  470  mV  with  the  resonant  circuit  (V^t  at  dc,  without  the  matching  circuit,  was 
1.4V).  At  the  1  MHz  noise  bandwidth,  a  bias  error  of  ±2°  reduced  the  dynamic  range  by  about 
5  dB,  eliminating  only  half  of  the  1 1  dB  dynamic  range  advantage  this  device  has  over  a  standard 
MZ.  We  normally  control  the  bias  point  to  within  ±0.5',  so  the  bias  control  tolerance  required  is 
easily  achieved. 

The  experimental  devices  were  designed  for  applications  below  500  MHz,  and  had  very 
long  electrodes  and  long  distances  to  the  mirror  which  limited  their  dynamic  range  improvement 
to  low  frequencies  because  of  the  phase  error  mentioned  above.  The  devices  with  36  mm 
electrode  length  (33  mm  electrode-center-to-mirror  distance)  had  their  dynamic  range  degraded 
by  3  dB  at  300  MHz,  and  devices  with  18  mm  electrode  length  (24  mm  electrode-center-to- 
mirror  distance)  had  their  dynamic  range  degraded  by  3  dB  at  500  MHz.  This  roughly  agreed 
with  our  theoretical  calculations.  With  shorter  electrodes  and  shorter  electrode-to-mirror 
distances,  lumped-element  mirrored  devices  on  LiNbOs  should  be  able  to  linearize  at  frequencies 
up  to  2  GHz.  If  the  devices  were  built  using  semiconductor  integrated  optics,  where  much 
shorter  devices  can  be  made,  the  useful  frequency  range  could  be  extended  to  several  GHz. 

The  device  shown  in  Fig.  2,  which  used  a  Y-branch  to  split  the  light  at  both  ends  of  the 
interferometer,  is  inflexible  in  two  ways:  it  requires  a  circulator,  and  it  allows  only  one  choice  of 
bias  point.  The  circulator  is  expensive  and  has  a  small  leakage  of  light  from  port  1  to  port  3. 
The  light  leakage  provides  a  second  path  to  the  detector  from  the  laser,  and  the  interference 
between  this  and  the  main  path  produces  a  small  amount  of  intensity  noise  at  very  low 
frequencies  (a  typical  number  is  -70  dB/Hz  at  100  Hz).  The  104.5'  bias  point  results  in  14%  dc 
optical  transmission;  this  is  actually  too  high  when  one  is  trying  to  get  optimum  performance  by 
biasing  for  a  very  low  transmission  [4].  To  address  these  concerns,  we  developed  the  half¬ 
coupler  device  shown  in  Fig.  3.  (Simply  replacing  both  Y  branches  with  couplers  does  not  give 
the  required  flexibility:  linearized  light  will  still  come  back  only  on  the  input  fiber  unless  both 
outputs  at  the  mirror  end  are  reflected  back,  which  requires  a  separate  phase  adjustment  and 
makes  the  device  complicated.) 

The  half-coupler  device  allows  linearized  light  to  be  returned  on  a  fiber  separate  from  that 
of  the  input  light,  so  no  circulator  is  required.  The  electrical-to-optical  transfer  function  is 
adjustable  by  adjusting  the  values  of  the  coupling  angles  0i  and  02.  (The  coupling  angle  0  is 
the  product  of  the  coupling  coefficient  and  the  length;  the  optical  crossover  fraction  is  sin20.) 
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02  here  refers  to  the  total  value  due  to  transmission  through  the  half-coupler  to  the  mirror  and 
then  back  through  it  again.  If  0i=22.5°  and  02=45°,  the  transfer  function  is  exactly  like  that  of 
the  double-Y  device,  with  a  linearizing  bias  point  of  104.5°  phase  difference  between  the 
interferometer  arms.  We  built  devices  with  0i=26.5°  and  02=37.5°,  where  the  linearizing  bias 
point  was  98.3°  and  the  dc  optical  transmission  was  7.5%,  which  gave  better  performance  in  our 
analog  links.  There  is  a  linearizing  bias  point  for  a  wide  range  of  combinations  of  0i  and  02, 
although  the  link  performance  is  poor  for  some  choices.  Although  this  device  is  complicated  to 
analyze  and  design,  it  operates  much  like  the  double  Y:  a  single  bias  adjustment  is  all  that  is 
required,  and  there  is  a  single  linearizing  bias  point  in  the  0°<(j)<180°  range. 

The  half-coupler  modulators  were  fabricated  on  LiNbOs  with  annealed  proton  exchange 
waveguides.  The  half-coupler  itself  was  fabricated  by  first  making  a  normal  coupler  with 
coupling  angle  02,  then  cutting  it  exactly  in  half  and  putting  a  mirror  on  it.  If  done  exactly 
right,  the  mirrored  half-coupler  still  has  a  coupling  angle  02.  We  found  that  a  length  tolerance 
of  ±30|j,m  was  required  to  achieve  the  ±5°  tolerance  we  required  on  02.  The  mirrors  were 
fabricated  by  metallizing  a  fiber  coupling  block  (a  polished  1-mm  cube  of  LiNbOs)  with  gold 
and  attaching  it  to  the  end  of  the  modulator.  These  devices  also  had  detectors  bonded  to  the  top 
surfaces  of  their  input  and  output  waveguides  to  tap  off  a  small  amount  of  power  to  sense  the 
modulator  bias  point.  The  initial  devices  had  electrode  lengths  of  18  and  36  mm,  and  the  total 
fiber-to-fiber  loss  of  the  first  devices  was  5.3  to  6.3  dB. 

The  half-coupler  modulators  were  tested  in  analog  links  with  performance  results  similar 
to  those  reported  above  for  the  double-Y  devices.  We  used  optical  power  as  high  as  320  mW, 
and  achieved  two-tone,  third-order  intermodulation  free  dynamic  ranges  of  up  to  85  dB.  These 
devices  showed  an  unusual  optical  damage  effect  that  we  did  not  see  with  the  other  reflective 
linearized  designs.  When  powered  with  a  single-frequency  or  nearly  single  frequency  laser,  the 
transfer  function  shape  changed  over  time  with  powers  as  low  as  80  mW  input.  There  was 
always  a  linearizing  point,  but  when  this  type  of  drift  occurred,  the  bias  had  to  be  controlled  with 
an  active  feedback  loop  to  keep  the  third  harmonic  minimized.  This  damage  did  not  occur  when 
a  multimode  laser  was  used,  even  at  much  higher  power.  Our  conjecture  at  this  point  is  that  a 
photorefractive  grating  is  being  created  when  a  single  frequency  laser  is  used,  and  that  the 
grating  cannot  form  efficiently  when  too  many  laser  frequencies  are  present.  This  device  design 
is  more  sensitive  than  the  double-Y  design  to  a  small  additional  reflectivity  within  the 
waveguides. 
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Fig.  1  The  series  linearized  modulator  is  symmetric  about  the  center  if  the  bias  points 
(j)!  and  ^2  are  equal  and  the  voltage  ratio  r=l. 
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Fig.  2  Initial  reflective  linearized  modulator  design  requiring  optical  circulator. 


Fig.  3  The  half-coupler  modulator.  DOC  refers  to  detector-on-chip. 
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Introduction 


After  a  decade  of  research,  polymer-based  components  such  as  passive  couplers  and 
splitters  and  also  optical  fiber  have  matured  and  are  now  commercially  available. 
Recently,  space  switches  were  added  to  this  list  after  Akzo  Nobel’s  introduction  of  their 
Solid  State  Optical  Switches.  These  single-mode  switches  combine  wavelength-  and 
polarization-independent  switching  characteristics  with  a  switching  time  of  1  ms  [1,2]. 
The  need  for  switching  in  the  optical  domain  is  increasing  rapidly  with  the  growing 
importance  of  protection  switching  and  dynamic  reconfiguration  of  fiber-optic  networks. 
To  further  utilize  network  capacity,  the  use  of  multiple  wavelengths  (WDM)  is  expanding 
[3,4].  The  first  polymer-based  wavelength  multiplexers  have  been  demonstrated  by  NTT 
as  well  as  Akzo  Nobel  [5,6].  Below,  recent  developments  in  polymeric  space  switches 
and  wavelength  multiplexers  are  reviewed.  First,  the  breakthroughs  in  polymer 
properties  that  enabled  the  development  of  the  aforementioned  components  are 
summarized. 


State  of  the  art  polymers  for  integrated  optics 

A  polymer  system  with  low  light  loss  is  a  prerequisite  for  the  fabrication  of  practical 
integrated-optic  components.  Channel  waveguides  with  a  loss  of  0.1  dB/cm  at  1 .31  pm 
have  been  reported  by  Imamura  et  al.  [7].  At  1 .55  pm,  the  loss  of  those  polymers  was 
estimated  to  be  above  0.4  dB/cm  or  more.  More  recently,  Akzo  Nobel  has  developed  a 
polymer  system  with  a  loss  of  0. 1 5  dB/cm  or  less  (as  measured  in  a  thin  film)  in  both  the 
1 .31 -pm  and  the  1 .55-pm  window  [8].  The  refractive  index  of  these  materials  can  be 
tuned  between  1 .48  and  1 .54,  allowing  for  the  fabrication  of  channel  waveguides  with  a 
mode  that  is  nearly  perfectly  matched  to  that  of  a  single  mode  fiber.  In  addition,  these 
polymers  are  chemically  stable  and  can  be  used  at  temperatures  well  above  1 00  °C. 

One  method  for  device  fabrication  is  based  on  spincoating  a  cladding/core/cladding 
structure  on  a  Si  or  other  substrate.  Channel  waveguide  can  be  defined  in  the  polymeric 
multilayer  by  photobleaching  of  chromophores  contained  in  the  core  layer  or  by 
reactive-ion  etching  [9].  Alternatively,  waveguide  grooves  can  be  made  in  a  polymeric 
substrate  by  means  of  injection  molding,  embossing,  or  reactive-ion  etching.  These 
grooves  are  subsequently  filled  with  a  second  (reactive)  polymer  [10]. 


Space  switches 

For  their  operation,  most  polymer-based  space  switches  rely  on  the  thermo-optic  effect, 
which  is  particularly  large  for  polymers  (dn/dT  ~  1 0^).  Two  fundamentally  different 
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Figure  1: 

Switching  chracteristic  of  1x2  Soiid  State 
Opticai  Switch  at  1.55  jum 


categories  can  be  discerned:  interferometric  switches  and  digital  switches. 
Interferometric  switches  are  based  on  thermo-optic  phase  modulation  in  a  directional 
coupler,  a  concept  which  has  been  explored  by  Imamura  et  al.  at  NTT  [1 1  ]  and  Keil  et  al. 
at  the  Heinrich  Hertz  Institute  [12].  These  switches  are  compact  and  the  power 
consumption  is  low,  but  the  performance  is  susceptible  to  changes  in  environment,  drive 
signal,  and  polarization  and  wavelength  of  the  light.  As  a  consequence,  active  bias 
control  is  needed  to  warrant  stable  operation  and  simultaneous  use  at  13.1  pm  and 
1 .55  pm  is  not  possible.  In  addition,  the  extinction  ratio  is  typically  limited  to  about  20 
dB. 

In  digital  switches,  thermo-optic  control  of  the  mode  evolution  in  an  adiabatic  Y-branch  is 
used  [  1  ].  Selective  heating  of  one  of  the  arms  of  the  Y-branch  results  in  a  local  decrease 
of  the  refractive  index  such  that  the  propagating  light  is  switched  to  the  other  arm.  This 
concept  was  first  pioneered  by  Akzo  Nobel  and  PTT  Telecom  of  the  Netherlands,  and 
more  recently  the  Technical  University  Berlin  also  reported  results  on  digital  switches. 
The  first  commercial  1x2,  1x4,  1x8,  and  2x2  digital  switches  became  available  in  1  995 
[2].  These  switches  exhibit  a  quasi  digital  switching  characteristic  (figure  1)  that  is 
essentially  the  same  in  the  1.31 -pm  and  the  1.55-pm  communication  window.  The 
extinction  ratio  is  better  than  30  dB  and  the  ON-state  insertion  loss  is  polarization 
independent,  ranging  from  <  2  dB  for  the  1  x2  switch  to  <  5  dB  for  the  1  x8  switch. 


Wavelength  multiplexers 

The  first  phased  array  wavelength  multiplexer  in  polymer  was  demonstrated  in  1 994  by 
Imamura  et  al.  of  NTT  [5].  This  component  was  intended  for  operation  at  1.31  pm.  More 
recently,  Akzo  Nobel  realized  a  8x8  phased  array  wavelength  multiplexer  for  operation 
in  the  EDFA  window  around  1.55  pm  [6].  The  transmission  characteristics  of  this 
prototype  are  shown  in  figure  2.  The  channel  spacing  is  3.2  nm,  as  designed.  The 
crosstalk  between  the  channels  is  better  than  -20  dB.  Due  to  birefringence  in  the 
polymer  films  that  were  used  for  this  first  prototype,  the  transmission  characteristics 
exhibit  some  polarization  dependence,  which  is  responsible  for  the  asymmetry  in  the 
transmission  peaks. 
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Figure  2: 

Transmission  characteristic 
of  8x8  polymer-based 
phased-array  wavelength 
multiplexer. 


Conclusion 


Competitive  polymer-based  Solid  State  Optical  Switches  are  available  and  wavelength 
multiplexers  are  under  development.  The  demand  for  these  components  is  rapidly 
growing  with  the  increasing  importance  of  protection  switching  and  dynamic  network 
reconfiguration  and  with  the  advent  of  WDM  systems.  The  versatile  processing 
technology  of  polymer  components  allows  for  flexible  scaling  and  integration  of  the 
switching  and  multiplexing  functionality.  Polymer-based  switches  and  wavelength 
multiplexers  can  therefore  be  tailored  for  deployment  in  optical  cross  connect  systems 
and  wavelength  add-drop  multiplexers. 
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Introduction: 

Polymer  waveguide  thermo-optic  (TO)  space  switching  elements  show  great  promise 
for  practical  integrated  photonic  applications  [1  -  4].  These  devices  are  expected  to 
be  employed  in  future  optical  telecommunication  systems  as  routing  elements  in 
optical  cross-connects.  One  of  the  challenges  of  the  optical  waveguide  space 
switches  is  to  reduce  the  crosstaik  which  is  vital  to  all-optical  communication 
networks.  All-optical  communication  networks  have  not  been  implemented  in  the  real 
world  because  of  the  lack  of  a  compact,  low  cost  switching  matrix  with  low  crosstalk 
and  insertion  loss.  For  system  applications,  the  crosstalk  of  a  switching  matrix  should 
be  <  -30  dB,  leading  to  the  requirement  for  a  single  switching  element  to  exhibit 
values  <  -40  dB.  Up  to  now,  such  a  switch  can  be  only  realized  by  fiber  mechanical 
devices  which,  however,  are  bulky  and  not  suitable  for  large  switching  matrices  used 
in  telecommunications.  The  switching  matrix  suitable  for  communications  may  be 
realized  by  integrated  photonic  technologies.  The  first  polymer  based  (4x4)-switching 
matrix  which  integrated  eight  (2x2)-directional  coupler  switches  and  operated  at  X  = 
1.55  pm  was  reported  in  1995  [3].  Due  to  the  asymmetrical  heating  electrode 
configuration  employed,  crosstalk  in  the  unbiased  ‘cross’  state  turned  out  to  be 
limited  to  typically  -25  dB,  leading  to  a  minimum  crosstalk  value  of  only  -21 .5  dB  in 
the  (4x4)-matrix.  Low  crosstalk  in  conjunction  with  low  switching  power  operated  at 
X,  =  1 .3  pm  was  obtained  by  NTT  using  a  Mach-Zehnder  interferometer  (MZI)  switch 
in  1993  [1].  However,  in  comparison  with  a  directional  coupler  type  switch  the  total 
length  of  a  MZI  is  about  three  times  as  large  which  renders  this  type  of  switch  less 
suitable  for  the  implementation  of  larger  switching  matrices. 

Here  we  demonstrate  for  the  first  time  a  polymer  TO  (2x2)-directional  coupler  switch 
exhibiting  an  extremely  low  polarization  independent  crosstalk  value  of  <  -40  dB  by 
using  a  novel  electrode  configuration  to  combine  the  symmetrical  and  the 
asymmetrical  version  of  a  coupler  switch  into  one  switch.  The  measured  crosstalk 
values  are  -42  dB  at  ‘cross’  state  and  -45  dB  at  ‘bar’  state.  The  required  switching 
power  amounts  to  only  3  mW  and  20  mW  respectively.  A  rearrangeable  nonblocking 
(4x4) -switching  matrix  incorporating  eight  of  these  new  switches  has  also  been 
fabricated.  The  whole  switching  matrix  exhibits  a  crosstalk  of  <-30  dB  for  all 
switching  states.  To  the  best  of  our  knowledge  these  data  represent  the  best 
crosstalk  performance  hitherto  reported  for  polymer  based  switching  devices. 
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Design  consideration: 

It  is  well  known  that  optical  directional  couplers  are  characterized  by  (1)  the 
interaction  length,  L,  (2)  the  coupling  coefficient,  k,  or  the  corresponding  conversion 
length  Lc  =  7i/2k  which  gives  the  minimum  length  required  to  obtain  complete 
crossover,  and  (3)  the  propagation  constant  mismatch  between  waveguides  WG1 
and  WG2,  A|3  =  Pi  -  P2-  For  an  asymmetrical  coupler  switch  to  obtain  the  perfect 
‘cross’  state  the  exact  odd-integer  values  of  1_/Lq  must  be  ensured  during  device 
fabrication.  There  is  no  means  of  electrical  adjustment  to  compensate  for  fabrication 
errors.  The  conventional  TO  coupler  switch  reported  in  [3]  exhibited  an  unsatisfactory 
crosstalk  value  at  the  unbiased  ‘cross’  state  due  to  fabrication  tolerances.  On  other 
hand,  a  symmetrical  type  coupler  switch  can  reach  the  perfect  ‘cross’  and  ‘bar’  states 
by  changing  Pj  and  P2  simultaneously  to  keep  Ap  =  0  and  to  change  the  ratio  ULq 
from  an  odd-integer  (‘cross’  state)  to  an  even-integer  (‘bar’  state),  or  reverse.  For 
inducing  this  change  in  Lq,  the  symmetrical  coupler  switch  needs  high  switching 
power.  In  order  to  obtain  a  switch  with  low  crosstalk  values  at  both  the  ‘cross’  and 
the  ‘bar’  state  and  with  low  switching  power,  we  have  designed  a  coupler  switch 
operating  as  a  symmetrical  version  coupler  (Ap  =  0)  at  low  bias  to  turn  the  coupler  to 
the  perfect  ‘cross’  state  and  then  as  an  asymmetrical  version  coupler  (Ap  0)  to 
reach  the  ‘bar’  state  at  a  low  switching  power  level.  For  this  purpose,  the  coupler  has 
been  designed  with  an  interaction 
length  L  slightly  longer  than  the 
corresponding  conversion  length 
Lq  to  assure  that  only  a  small 
increment  in  Lq  can  drive  the 
switch  into  its  perfect  ‘cross’  state. 

A  metal  TO  electrode  has  been 
employed  with  features  two  parallel 
branches  on  top  of  the  two 
waveguides  WG1  and  WG2, 
interconnected  at  the  common 
earth  E.  The  electrode  is  shifted  by 
a  small  distance  A  (~  0.5  pm)  to 
the  left  with  respect  to  the 
waveguides.  The  switching  power 
can  be  applied  to  branch  E1  or 
branch  E2.  Fig.  1  shows  the 
schematic  layout  and  the  cross- 
section  AA’  of  the  coupler  switch. 


Due  to  the  high  thermal 
conductivity  of  the  metal  electrode 
the  temperature  of  the  right  branch 
E2  will  be  raised  even  if  only  the 
left  branch  E1  is  heated. 
Combined  with  the  small  shift  A, 
the  propagation  constants  Pi  and 
p2  of  the  two  waveguides  will  be 


Fig.  1 :  Schematic  layout  and  cross  section 
AA’  of  a  polymer  waveguide  TO  switch  with 
a  noval  electrode  configuration. 
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changed  almost  synchroneously  to  keep  Ap  =  0  when  the  applied  heating  power  is  at 
a  very  low  power  level.  The  change  of  the  propagation  constants  leads  to  a  change 
in  the  conversion  length  Lq.  Because  the  interaction  length  of  the  switch  is  very  near 
the  conversion  length,  only  a  slightly  change  ALq  suffices  to  drive  the  switch  into  the 
perfect  ‘cross’  state.  By  increasing  the  heating  power  the  temperature  difference 
between  the  two  branches  El  and  E2  will  be  dominant  leading  to  Ap  ^  0.  The  switch 
behaves  asymmetrically  to  reach  the  ‘bar’  state.  Therefore,  it  can  be  expected  that 
this  switch  can  reach  the  ‘cross’  and  the  ‘bar’  states  even  if  only  the  left  branch  E1  is 
fed  with  the  heating  current  whereas  the  branch  E2  is  kept  electrically  open. 

Experimental  results: 

The  switches  were  fabricated  using  a  standard  fabrication  process  as  described 
previously  [4].  The  multi-layer  structure  is  shown  in  Fig.  1.  The  polymer  TO  switch 
consists  of  a  substrate  (S),  a  bottom  buffer  layer  (BB),  a  waveguide  layer  (W),  a  top 
buffer  layer  (TB)  and  the  TO  electrode  branches  (E1  and  E2).  In  order  to 
characterize  the  switch,  light  from  a  1 .55  pm  laser  diode  was  coupled  into  port  1 ,  and 
the  optical  output  power  at  port  1’  (through  port)  and  2’  (coupled  port)  was  measured 
at  TE  and  TM  polarization,  showing  <  ±0.5  dB  polarization  dependence.  Therefore 
only  the  measurement  results  for  the  TM  polarization  are  presented. 

Fig.  2  shows  the  measured  results  when  only  the  branch  E1  is  heated.  The  device  is 
switched  into  perfect  ‘cross’  state  first,  reaching  an  extinction  ratio  of  -42  dB  at  3 
mW.  If  the  accuracy  of  the  heating  power  is  kept  within  ±0.4  mW  (±13%)  around  the 
working  point,  a  crosstalk  value  of  <  -30  dB  can  be  guaranteed.  By  increasing  the 
power  the  device  is  switched  into  its  ‘bar’  state  with  an  extinction  ratio  of  -45  dB  at 
19.7  mW.  Here  to  guarantee  a  crosstalk  of  <  -30  dB,  the  accuracy  of  the  heating 
power  has  to  be  adjusted  within  ±1  mW  (±5%)  relative  to  the  working  point.  This 
result  confirms  that  the  switch  combines  the  advantage  of  a  symmetrical  switch  to 
achieve  low  crosstalk  in  the  ‘cross’  state  and  the  advantage  of  an  asymmetrical 
switch  to  reach  the  ‘bar’  state  with  low  switching  power. 

A  fibre-to-fibre  insertion  loss  of  6  dB  of  which  some  4  dB  is  estimated  to  be  due  to 
fiber-chip  coupling  was  measured  at  X  =  1.55  pm  on  a  20  mm  long  chip.  The 
waveguide  loss  at  X  =  1 .55  pm  was  determined  to  be  0.85  dB/cm.  The  length  of  the 
switch  is  only  7  mm,  and  the  response  time  of  the  device  is  less  than  1  ms. 


Fig.  2;  Measured  transfer  characteristics;  Fig.  3;  Measured  transfer  characteristics; 
heating  power  applied  to  left  branch  El .  heating  power  applied  to  right  branch  E2. 
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Fig.  2  shows  that  the  initial  crosstalk  value  of  the  coupler  switch  is  only  -10  dB.  We 
have  found  that,  in  order  to  achieve  low  crosstalk  values  at  both  the  ‘cross’  and  the 
‘bar’  state,  the  maximum  deviation  AL  of  the  coupler  interaction  length  from  the 
conversion  length  Lc  may  be  as  high  as  25%  of  Lq.  Therefore,  this  new  type  of 
switch  shows  high  fabrication  tolerance  in  the  manufacturing  process.  If  the  right 
branch  E2  is  powered,  the  switch  behaves  asymmetrically  even  at  a  very  low  power 
level  and  cannot  reach  the  ‘cross’  state,  as  is  confirmed  by  the  measurement  results 
shown  in  Fig.  3. 

Due  to  the  excellent  device  performance,  compactness  and  high  fabrication 
tolerance,  this  (2x2)-switching  element  is  considered  to  be  a  highly  suitable  building 
block  for  constructing  larger  polymer  based  switching  matrices.  A  rearrangeable 
nonblocking  (4x4) -switching  matrix  consisting  of  eight  of  the  new  (2x2)-switches 
described  above  has  been  fabricated  and  tested.  The  preliminary  results  show  that 
the  new  matrix  exhibits  a  crosstalk  of  <  -30  dB  for  all  switching  states  which  is  about 
10  dB  lower  than  with  the  previous  matrix  incorporating  conventional  switches  [3]. 
The  performance  of  the  switch  and  switching  matrix  can  be  further  improved  through 
the  optimization  of  the  switch  structure,  such  as  the  shift  A,  the  electrode  and 
waveguide  dimensions. 

Conclusion: 

We  have  demonstrated  a  novel  type  of  polymer  waveguide  integrated  photonic 
(2x2)-switch  which  exhibits  extremely  low  polarization  independent  crosstalk  (<  -40 
dB)  in  conjunction  with  low  electric  power  consumption  at  X,  =  1 .55  pm.  A  (4x4)- 
rearrangeable  nonblocking  switching  matrix  which  consists  of  eight  of  these  switches 
has  been  demonstrated  to  show  very  low  crosstalk  levels  (<  -30  dB)  as  well. 
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Abstract 

Coherent  crosstalk  of  optical  space  switch  matrices  is  a  key  problem  of  optical  transparent  netwoiks.  A  new 
crosstalk  compensating  technique  based  on  the  integration  of  a  single  electrode  mode  converter  as  correcting 
device  into  a  1x2  or  2x2  digital  optical  switch  (DOS)  is  proposed  and  theoretically  investigated.  Introduction  cf 
the  mode  converte  stage  enhances  a  -20  dB  crosstalk  DOS  device  to  -40  dB  with  (mly  a  small  increase  oi  the 
device  length.  The  new  scheme  with  one  common  electrode  for  DOS  and  converter  simplifies  a  recently 
published  architecture  needing  4  additional  electrodes  and  a  special  control  algorithm.  A  realistic  design  of  a 
-40  dB  crosstalk  DOS  based  on  InP  is  presented. 

Introduction 

The  all-optical  multiwavelength  network  is  a  prime  candidate  for  future  "information  highways".  Space  switch 
matrices  are  key  components  in  an  optical  cross-connect.  For  the  construction  of  larger  networks^ ,  switching 
nodes  have  to  be  cashed.  Thus  coherent  crosstalk^  of  the  individual  switching  component  is  a  problem, 
where  signals  from  sources  of  nominally  the  same  wavelength  can  int^CTe  coherently  if  their  frequoKy 
separation  is  within  the  receive*  bandwidth.  As  has  been  pointed  out  recently,  one  main  disadvantage  of 
electio-opticai  switches  is  the  high  crosstalk  or  low  contrast  of  the  output  ports  in  the  order  of  about  -20  dB^ . 
To  realize  a  higher  crosstalk  suppression,  cascading^  of  identical  switches  is  an  often  used  solution  with  the 
disadvantage  of  increasing  the  device  length.  Recently,  we  have  proposed  the  CRDOS  (Crosstalk  Reduced 
DOS)  in  which  the  crosstalk  is  compensated  with  an  integrated  general  mode  converter.  This  architecture  is 
able  to  compensate  all  kinds  of  crosstalk  sources  including  fabrication  tolerances  with  the  additional  use  of  4 
different  control  voltages  or  currents  for  tuning.  Here  we  propose  and  theoretically  investigate  an  architecture, 
which  uses  one  single  electrode  for  crosstalk  reduction.  Control  signals  on  the  convertor  electrode  and  the  DOS 
switching  electrode  are  correlated  such  that  only  one  control  signal  has  to  be  applied  from  the  outside  wOTld. 
This  opens  the  way  to  use  the  CRDOS  as  building  block  in  larger  switching  matrices. 


Mode  matching  in  DOS  for  crosstalk  compensation 

optical  1x2  DOS  matrices  (see  Fig.  1),  but  the  basic  ideas  can  easily  be  applied  to  a  2x2  DOS.  Following  the 
argum^tation  given  in  [4],  we  know  that  the  (conventional)  DOS  uses  the  adiabatic  coupling  behavior  of  a 


EO  mode  Y-branch 


converter  converter 

◄ - M -  - ► 


1^  passive  WG 
B  WG  with  electrode  off 
B  WG  with  electrode  on 


Fig.  1 :  Device  architecture  of  crosstalk  reduced  Y-DOS 


mode  travelling  along  an  asymmetric  Y-junction 
consisting  of  two  different  waveguides.  H^e  we 
use  a  symmetrical  Y-branch  waveguide  structure 
in  the  passive  state.  Switching  is  performed  by 
introducing  an  asymmetry  using  an  electro- 
optical  refractive  index  change  Anno  in  one  of  the 
output  waveguides  of  the  Y-branch.  Input  (see 
Fig.  1:  section  A  to  B)  and  output  waveguides  (H 
to  J)  are  identical  monomode  waveguides.  The 
splitting  region  of  the  Y-branch  (B  to  D)  supports 
the  fundamental  and  the  second  order  mode  of  a 
local  directional  coupler  causing  two  mode 
interference  (TMI).  H^e  we  introduce  the  one 
electrode  mode  matching  device  for  crosstalk 
suppression  (D  to  F).  Following  [4]  we  can  look 
at  the  Y-branch  (F  to  H)  as  an  adiabatic  mode 
converter  ("Y-branch  mode  converter")  from 
quasi  isolated  waveguide  modes  outside  the 
device  at  the  output  port  to  the  fundamental  and 
second  order  mode  at  the  TMI  input  port  (F)  with 
complex  amplitudes  Ei  and  E2,  respectively.  We 
represent  the  normalized  field  amplitudes  by  their 
absolute  value  IBI  and  their  phase  difference  9.  If 
the  switch  is  activated,  one  of  the  two  electrodes 
introduces  a  refractive  index  change  in  the 
underlying  waveguide,  leading  to  an  asymmetric 
Y-branch.  A  wrong  linear  combination  of  both 
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modes  Ei  and  Ej  at  the  interface  F  leads  to  crosstalk.  The  correct  values  can  be  detomined  by  calculating  the 
Y-teutch  in  the  backward  direction  with  starting  values  of  unity  and  zero,  respectively,  and  resulting  in 
amplitude  E2m  and  phase  diffoience  9^  at  the  interface  F  Fig.  1.  This  can  be  done  by  eigenmode  expansion 
methods  w  by  beam  propagation  methods  and  using  oval^  calculation  of  both  eigenmodes.  Thus  we  have  to 
generate  the  same  amplitude  E2ni  and  the  negative  phase  difference  -9^at  the  interface  E  by  introducing  the  one 
electrode  mode  matching  device  (D  to  E)  between  input  waveguide  and  interface  F. 

LimHing  interface 

In  fact  we  cascade  two  devices.  A  balance  between  the  bofli  is  good  strategy,  because  we  are  interested  to  design 
a  large  window  in  tmns  of  fabrication  tolerances,  switching  voltage  or  current  and  wavelength  independence. 
The  DOS  itself  has  a  digital  response.  The  window  width  is,  however,  limited  by  the  cosine  characteristic  the 
mode  converter.  This  leads  to  the  condition,  that  IE2cil^  (power  of  the  second  mode)  has  to  be  in  the  order  of  10'^ 
(ot  -20  dB)  for  getting  a  caosstalk  bdow  -40  dB.  Each  abrupt  waveguide  change  caused  by  waveguide 
disturbances  due  to  electrodes,  refractive  index  changes,  bends  and  fabrication  errors  is  the  source  of  mode 
conversion.  The  atnupt  change  of  the  refractive  index  by  electro-optical  effects  can  sevoely  limit  the  crosstalk 
cl  the  DOS  and  is  therefore  called  limiting  interface.  To  give  a  realistic  example  we  use  the  design  parameters 
cl  an  actual  wmking  DOS^  with  Auwg  =  0.011  and  Anso  =  -0.003  (for  definition  of  the  parameto's  see  insert 
Fig.  1).  The  separation  of  the  Y-branch  at  the  output  is  12  pm,  to  reduce  the  inter  waveguide  crosstalk  to 
-50  dB.  A  lateral  waveguide  geometry  of  two  waveguides  of  the  width  w  =  2.5  pm  separated  by  the  gap  g  =  1 
pm  limits  the  crosstalk  due  to  the  abrupt  interface  to  E2mP  =  -8.7  dB.  This  has  to  be  improved.  A  reduction  to 
-20  dB  is  possible  by  taring  the  width  of  the  waveguides  to  1.5  pm  and  a  linear  increase  of  the  refractive 
index  change  firwn  zero  to  Anso  over  a  length  of  200  pm  as  schematically  shown  in  Fig.l,  F  to  G.  A  few 
examples  ol  Y-branches  are  shown  in  Table  1  together  with  the  results  of  a  Beam  Propagation  Method  (BPM) 
and  a  Bidirectional  Eigenmode  Propagation  (BEP)  calculation.  Note  that  the  BEP  calculation  represents  the 
mode  conversion  due  to  the  interface  only,  whereas  the  BPM  calculation  includes  the  Y-branch  with  an 
opening  angle  of  0.35  degrees. 

The  actual  device  with  the 
results  shown  in  Fig.  2  and 
3  has  the  following  lengths 
in  pm;  converter  electrode 
DE  =  22,  phase  section 
EF  =  31  and  electrode  taper 
FG  =  325,  resulting  in  an 
overall  length  of =1600  pm. 
This  device  may  be  further 
improved  by  shrqring  the  Y-branch.  Here  we  rvill  demonstrate  the  combination  of  DOS  and  converter.  We  know 
that  IE2ml^<  10'^  and  determine  the  matching  linear  combination  as  described  above.  We  further  assume  that  the 
amplitudes  E2ml  are  identical  for  both  switching  states,  which  can  be  implemented  by  properly  watching  the 
symmetry  of  the  Y-branch. 

Compensation  of  2.  mode  with  passive  and  electro-optic  techniques 

We  can  easily  generate  a  second  mode  of  the  required  amplitude  lEzml  by  connecting  the  input  waveguide  and 
the  TMI  section  with  an  asymmetrical  taper  as  shown  in  the  insert  of  Fig.  1.  The  amplitude  Eanl  increases  with 
increasing  shift  of  input  waveguide  relative  to  TMI  waveguide  and  can  theoretically  be  determined  together 
with  the  phase  diffoence.  We  detomine  the  length  L  of  the  TMI  section  (D  to  F)  such  as  to  match  the  phase 
using  the  well  known  phase  constants.  This  looks  like  a  pure  passive  compensation  technique,  but  by  arguments 
of  s]rmm«^,  to  compensate  the  crosstalk  fw  switching  the  other  electrode,  we  would  have  to  shift  the 
asymmetrical  taper  to  the  other  side.  A  pure  passive  compensation  is  therefore  not  possible.  Two  architectures 
using  active  compensation  are  discussed  below. 

The  desired  second  mode  can  be  generated  by  activating  an  additional  electrode  on  one  of  both  waveguides  ol 
the  TMI  section  (D  to  E)  and  match  the  phase  by  the  proper  choice  of  the  length  (E  to  F)  between  converter 
and  DOS  electrode.  ConvCTter  electrodes  and  DOS  electrodes  are  synchronously  switched.  The  generated 
amplitude  of  the  second  mode  IE2n,l  and  the  phase  9  are  a  function  of  electrode  length  and  reftactive  index 
change  AnBo<  We  discuss  two  configurations. 

a)  Anpo,  *  An,^ 

We  can  work  with  different  currents  or  voltages  fw  DOS  and  converter,  but  with  a  fixed  relation  between  them 
(e.  g.  voltage  divider).  In  this  case  we  choose  the  length  of  the  electrode  to  half  of  the  beatlength  A  which  leads 
to  a  i^iase  shift  of  it.  The  needed  Ancom  for  operation  can  be  determined  by  eigenmode  expansion  technique 
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(see  Appendix).  Rv  the  case  of  an  abrupt  DOS  electrode  as  the  limiting  interface,  Ancoov  is  always  Iowa*  than 
the  used  Anoos- 

b)  An,^  a  AHo^ 

We  can  use  identical  refractive  index  changes  fcx^  DOS  and  converter  electrodes.  In  this  case  we  control  the 
convertCT  efficiency  (IE2niD  6y  the  length  of  the  dectrode  L.  The  dectrode  consists  (rf  two  interfaces.  The 
maximum  amplitude  gen^tion  ctf  the  second  mode  in  this  case  is  2  times  that  of  a  singular  interface  (see 
Appendix),  which  should  be  enough  to  compensate  all  mismatch  of  the  DOS,  if  the  interface  is  the  limiting 
factor. 


Window  of  performance 

We  have  investigated  the  fabrication  tolerances  in  the  following  way.  The  rib  height  and  the  layer  thicknesses 
determine  the  effective  refractive  index  Anwc  of  the  waveguides.  Any  change  influences  the  phase  balance  d 


these  devices.  Th^fore  we  have  investigated 
the  crosstalk  as  a  function  of  variation  of  the 
waveguide  parameter  Anwo  and  have 
detemined  the  window  with  crosstalk  values 
bettCT  than  -40  dB  (see  Fig.  2).  We  find  that 
the  same  Anso  for  the  converter  and  the  DOS 
electrode  gives  the  best  results.  In  addition, 
the  width  (rf  this  window  is  a  measure  for  the 
TE  /  TM  mode  behaviour.  For  the  actually 
used  waveguides,  the  polarisation  dependence 
of  the  effective  index  is  0.002.  Further  we 
have  investigated  the  switching  characteristic, 
shown  in  Fig.3,  where  we  compare  the 
conventional  and  the  crosstalk  reduced  DOS. 
To  remain  within  the  -40  dB  window  of 
crosstalk  p^ormance  the  voltage  or  current 
has  to  be  controlled  in  the  order  of  ±5%.  The 


power  [dB] 


-4.0  -2.0  0.0  AArv«*10-  4.0 


Fig.  2  Crosstalk  behaviour  of  two  architectures  as  a  function  of 
the  variation  of  the  refractive  index  diffoence  of  the 
waveguide:  AnwG=ll*10'^ 


wavelength  variaticm  has  been  demonstrated 

to  be  a  flat  response  over  the  width  of  the  EDFA  window  with  a  3  dB  penalty  by  using  BPM  calculations  for  the 
general  mode  convertor  [4].  This  broadband  bdiavku'  is  achieved,  becrause  the  munber  of  periods  is  only  one. 
The  introduction  of  the  mode  converter  into  the  DOS  requires  an  additional  length  of 400  pm  only  (Fig.  1). 


Conclusion 

The  principle  developed  earlier  to  compensate 
the  crosstalk  of  a  X-DOS  has  been 
successfully  used  fcH'  a  Y-DOS.  We  have 
introduced  a  one  electrode  architecture  for 
simpler  operation  than  the  4  voltage  general 
solution.  The  combination  of  a  DOS  with  a 
m(xle  converter  has  the  advantage  that  it  acts 
as  a  cascadation  of  two  different  devices,  both 
with  a  switching  effect  in  the  (wder  of  10'^  or  - 
20  dB  leading  to  about  -40  dB.  The  length  (rf 
the  mode  converter  is  rather  short,  in  the  order 


power  [dB] 


of  one  beadength.  The  more  stringent  1  2  3  4  Arico^lO* 

fabrication  tolerances  as  compared  to  the  4 

electrode  solution  are  justified  by  the  ^^8-  ^  •  Switching  characteristic  of  Y-DOS  and  Y-CRDOS 


simplification  to  the  one  electrrxle  control. 

The  proposed  DOS  is  a  promising  switching  element  to  build  larger  switching  matrices. 


Appendix 

The  influence  of  an  electrode  with  the  switching  efficiency  AnEo>  the  length  L  and  the  phase  mismatch  6  can  be 
calculated  following  [8  ].  The  ovwliq)  integrals  3*  of  the  two  eigenmodes  between  the  unperturbed  and  the 
switched  waveguide  and  the  tiansfermatrix  of  the  switched  waveguide  are  given  by  (*Xi(x)  are  the  field 
distibutions  of  the  eigenmode  i  in  section  1): 
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wo  = 

an 

k,a2j 

with 

ai2 

a 


\ 
22  ) 


“11 

^^12 


*21 


^22  ) 


*T  = 


4+j8-L 


with  =  J  '^‘X(x>'X(x)dx  and  J  'X(x>'X(x)dx  =  5j 


(1) 


The  matrix  describing  the  electrode  than  is  the  product  of  the  three  matrices,  resulting  in  equation  2  for  the 
amplitude  of  the  second  mode: 

E2„='^‘Mi2  « 2-  ai2  •  sin(5-  L)  (2) 
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I.  Introduction 

Cost  reduction  is  a  major  concern  in  optical  modules  for  Fiber-To-The-Home  (FTTH) 
applications.  Optical  hybrid  integration,  where  laser  diodes  (LDs)  and/or  photo-diodes  (PDs) 
are  flip-chip  bonded  onto  a  waveguide  substrate,  is  considered  as  a  promising  way  to 
achieve  this.  A  V-grooved  silicon  has  been  used  as  a  hybrid  integration  platform  on  which  to 
assemble  an  LD  or  a  PD,  and  a  fiber[l][2].  However,  there  seem  to  be  two  major 
problems  with  this  technology.  First,  the  conventional  silicon  platform  is  not  equipped 
with  a  waveguide,  and  seems  to  be  of  use  only  in  a  limited  application  field.  Second,  the 
coupling  loss  for  the  conventional  LD  to  the  fiber  is  as  high  as  10  dB  because  of  its  small  spot- 
size.  To  achieve  a  low-cost  optical  module  both  the  platform  and  the  semiconductor  device 
should  be  improved.  This  paper  reviews  recent  progress  in  optical  hybrid  integration 
technology  toward  inexpensive  optical  modules. 

II.  PLC  platform 

A  silica-waveguide  on  a  silicon  substrate  is  the  most  promising  candidate  as  a  hybrid 
integration  platform[3]-[7].  This  is  because  the  silica  waveguide  offers  a  highly  functional 
planar  lightwave  circuit  (PLC)  such  as  NxM  splitters  or  WDM/FDM  filters.  However,  the 
conventional  Si02/Si  substrate  is  not  suitable  for  hybrid  integration  because  a  thick 
cladding  layer  formed  on  the  substrate  prevents  the  silicon  from  being  used  as  a  platform. 

To  overcome  this  difficulty,  we  have  developed  a  PLC  platform  with  a  stlica-on- 
terraced-  sihcon  (STS)  stmcture  as  shown  in  Fig.  1  [8] [9].  The  silica-waveguide  is  formed  on 
the  ground  plane  of  the  silicon  substrate  to  form  various  types  of  PLCs  such  as  a  Y-branch 
and  a  WDM  circuit.  The  silicon  terrace  functions  both  as  an  alignment  plane  and  a  heat-sink 
for  a  semiconductor  optical  device.  Therefore,  a  highly  functional  optical  module  can  be 
formed  simply  by  the  flip-chip  bonding  of  LDs  or  PDs. 

HI.  Spot-size  converted  semiconductor  devices 

To  reduce  the  coupling  loss  between  an  LD  and  a  waveguide  (or  a  fiber),  the  spot-sizes 
of  the  LD  and  the  waveguide  should  be  adjusted.  A  spot-size  converted  LD  (SSLD)  in 
which  the  spot  size  of  an  output  light  is  converted  to  match  an  optical  fiber  is  attractive 
because  it  offers  the  advantages  of  low-coupling  loss  as  well  as  relaxed  alignment  tolerance. 
Several  types  of  SSLD  which  reduce  the  fiber-to-LD  coupling  loss  to  less  than  3  dB  have 
been  reported[l  1]-[14]. 
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The  SSLD  has  recently  been  successfully  applied  in  a  hybrid  integration  experiment.  BT 
laboratories  succeeded  in  the  passive  alignment  of  the  SSLD  and  cleaved  fiber  using  the  V- 
grooved  silicon  platform[15].  The  LDwas  a  1.55  fim  spot-size  converted  MQW  BH  laser 
which  facilitates  a  tapered  MQW  active  layer  and  an  underlying  passive  guide.  The  coupling 
loss  was  estimated  to  be  about  3  dB.  NTT  has  performed  the  hybrid  integration  of  the  SSLD 
onto  the  PLC  platform[16]  (Fig.  1).  The  SSLD  has  a  tapered  passive  waveguide  region 
which  is  butt-jointed  to  the  active  layer[14]  (Fig.  2).  The  output  power  from  the  fiber 
connected  to  the  PLC  platform  was  6  mW  at  50  mA  with  an  SSLD-waveguide  coupling  loss 
of3.2dB. 

Concerning  PDs,  a  planar  PD  has  been  commonly  used.  In  the  hybrid  integration 
experiment,  the  planar  PD  is  coupled  with  an  optical  waveguide  (or  fiber)  through  an  additional 
optical  element  such  as  a  small  mirror [4]  [6]  [7].  To  simpUfy  the  device  assembly,  however,  a 
PD  should  be  integrated  onto  the  platform  in  the  same  way  as  the  LD  integration.  A  side- 
illuminated  waveguide  PD  (WGPD)  is  one  solution  to  this  problem[16][17].  NTT  has 
developed  a  1.3  //m  WGPD  in  which  the  optical  field  distribution  was  enlarged  by 
facilitating  a  doped  intermediate-band  gap  layer  between  a  core  layer  and  a  cladding 
layer[18].  The  WGPD  had  a  high  responsivity  of  0.95  AAV  at  a  wavelength  of  1.31  fxvci. 
The  coupling  loss  between  the  WGPD  and  dispersion  shift  fiber  was  0.44  dB  with  a  1-dB 
tolerance  of  ±  17//  m  in  the  horizontal  and  +2  //  m  in  the  vertical. 

IV.  Application  to  optical  module  for  FTTH 

By  combining  the  spot-size  converted  devices  and  the  PLC  platform,  we  have 
fabricated  a  WDM  transceiver  module  consisting  of  a  PLC  with  a  1 .3/1 .55-  //  m  WDM  and  a 
Y-branch  for  1 .3-  //  m  light,  and  a  1 .3-  //  m  SSLD  and  a  1 .3-  //  m  WGPD  integrated  on  the 
silicon  terrace  as  shown  in  Fig.  3  [19][20].  It  should  be  noted  that  the  number  of  the  module 
components  was  reduced  to  only  five  including  the  fiber  pigtails,  and  that  the  LD  and  PD 
assembly  was  simplified  by  adopting  passive  alignment  procedure. 

V.  Conclusion 

Recent  progress  in  hybrid  integration  technology  using  a  PLC  platform  and  spot-size 
converted  devices  was  reported.  Since  this  technology  enables  us  to  fabricate  an  optical  module 
with  the  simplest  structure,  it  should  be  able  to  provide  a  low-cost  optical  module  for  FTTH. 
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Fig.  1.  Passive  alignment  procedure  of 
SSLD  onto  PLC  platform 


Active  layer 


Alignment 

mark 


Fig.  2.  Schematic  structure  of  SSLD 


Fig.  3.  WDM  transceiver  module  using  a  PLC  platform  and  spot-size  converted  devices 
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A  Polarization  Insensitive  Semiconductor  Optical  Amplifier  with  Integrated 

Electroabsorption  Modulators 

U.Koren,  B.I.  Miller,  M.G.  Young,  M.  Chien,  G.  Raybon,  T.  Brenner,  R.  Ben-Michael, 
K.  Dreyer,  R.J.  Capik,  AT&T  Bell  Laboratories,  Holmdel,  N.J.  07733 

As  optical  access  to  the  loop  becomes  more  advanced,  using  emerging  fiber  to  the 
loop  (FTTL)  architectures,  and  with  the  possible  use  of  wavelength  division  multiplexing 
(WDM)  to  enhance  transmission  capacity  and  networking  flexibility,  it  is  important  to 
consider  new  components  that  may  be  useful  as  building  blocks  for  the  upcoming  local 
access  networks.  Obviously,  for  FTTL  applications,  low  cost  is  an  important  prerequisite 
for  components  that  are  not  widely  shared.  This  may  require  uncooled  operation,  ease  of 
packaging,  and  perhaps  integration  of  opto-electronic  devices.  One  of  the  new  FTTL- 
WDM  architectures  that  was  recently  demonstrated  is  RrrE-Net[  1,2],  which  is  based  on 
a  WDM  signals  from  a  central  office  sent  downstream  to  a  remote  node,  and  then  to  the 
local  optical  network  unit  (ONU).  The  carrier  wavelength  is  modulated  at  the  ONU  using 
an  on  site  optical  modulator  and  returned  upstream  to  the  central  office.  One  parameter  that 
effects  the  performance  is  the  insertion  loss  of  the  modulator.  To  improve  the  power  budget 
of  the  system,  it  might  be  useful  to  employ  a  component  that  has  integrated  modulators  and 
a  semiconductor  optical  amplifier  (SOA)  resulting  in  a  modest  fiber  to  fiber  gain  rather  than 
a  large  insertion  loss.  The  proposed  component  can  also  enable  WDM  networks  where 
frequency  conversion  and/or  signal  equalization  over  a  large  dynamic  input  range  is 
required.  It  may  be  useful  to  integrate  two  modulators,  so  that  one  can  be  used  for  data 
encoding  and  the  other  for  power  level  equalization. 

In  the  present  work  we  demonstrate  a  polarization  insensitive  integrated  device 
composed  of  an  SOA  with  two  electroabsorption  modulators  at  the  input  and  output  ports. 
The  geometry  is  similar  to  a  recent  design  proposed  by  Souli  et  al  [3,4],  where  one 
modulator  was  used  for  very  high  speed  pulse  generation,  and  the  other  for  data  encoding. 
However,  the  above  mentioned  design  is  not  suitable  for  most  other  applications  as  it  has  a 
large  insertion  loss  (-9dB)  and  is  not  polarization  insensitive  [4].  In  the  present  device  we 
have  used  integrated  passive  waveguide  beam  expanders  [5,6]  to  reduce  coupling  loss  to 
lensed  fibers  and  increase  the  tolerance  to  coupling  misalignment.  As  a  result,  fiber  to  fiber 
insertion  gain  as  high  as  9  dB  has  been  obtained.  Polarization  independence  is  obtained  by 
using  bulk  quaternary  modulators  [  6]  and  a  polarization  insensitive  strained  multiple 
quantum  well  (MQW)  amplifier  [7].  A  schematic  description  of  the  present  device  is  shown 
in  Fig.  1.  The  optical  amplifier  section  is  600  [im  long,  composed  of  4  compressively 
strained  InGaAsP  QW’s  and  4  tensile  strained  InGaAsP  QW's  with  strain  compensating 
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InGaAsP  barriers  operating  with  peak  photoluminescence  at  1.55  |im  wavelength  [7].  The 
input  and  output  electroabsorption  modulators  employ  a  separately  grown  2(X)0A  thick  bulk 
InGaAsP  layer  with  peak  photoluminescence  at  1.44pm  wavelength.  Each  of  the  two 
modulator  sections  is  150  pm  long.  These  bulk  modulators  can  have  excellent  polarization 
insensitivity,  as  recently  shown  by  several  groups  [6,8].  The  length  of  the  integrated 
passive  beam  expanders  is  250  pm  on  each  side.  The  total  length  of  the  device  is  1400  pm. 
The  device  was  made  with  four  MOCVD  epitaxial  growth  steps  using  process  technology 
similar  to  that  previously  described  for  electroabsorption  modulated  lasers  (EML's)  [9]  and 
for  beam  expanded  lasers  [5]. 

Fig.  2.  shows  the  response  of  the  output  modulator  as  a  function  of  reverse  bias 
voltage,  for  different  polarizations  and  input  wavelengths.  The  amplifier  current  is  held  at 
120  mA  and  the  input  fiber  power  level  is  kept  at  -9.2  dBm.  A  maximum  fiber  to  fiber  gain 
of  9.0  dB  was  obtained  at  150  mA  amplifier  current.  The  observed  polarization  dependence 
of  the  combined  amplifier-modulators  configuration  was  less  than  1  dB,  and  extinction 
ratios  over  15  dB  were  obtained  over  a  spectral  range  larger  than  35  nm.  The  power 
budget  of  the  device  can  be  determined  by  sequential  measurements  of  photocurrent  using 
the  modulators  and  amplifier  as  photodetectors.  The  internal  propagation  losses  of  the 
modulators  are  2  dB  per  modulator  and  the  fiber  coupling  losses  are  2  dB  per  facet, 
indicating  17  dB  maximum  chip  gain  for  the  amplifier.  This  result  is  in  accordance  with  the 
previously  measured  gain  for  MQW  polarization  insensitive  SOA's  [7].  The  amplified 
spontaneous  emission  (ASE)  fiber  coupled  power  level  is  -8.5  dBm  at  zero  modulator  bias. 
This  low  ASE  level  is  partially  due  to  the  filtering  effect  of  the  integrated  modulator  which 
effectively  cuts  off  spontaneous  emission  below  1.5  |xm  wavelength.  The  ASE  ripple  for 
both  polarizations  is  lower  than  2  dB. 

The  small  signal  frequency  response  of  the  output  modulator  is  shown  in  Fig.  3  for 
several  biasd  voltages.  The  3-dB  modulation  bandwidth  is  5.5  GHz,  and  is  limited  by  the 
parasitic  capacitance  of  the  contact  pads.  The  tolerances  for  fiber  coupling  misalignments  in 
the  vertical,  lateral  and  z  directions,  using  standard  AT&T  etched  lensed  fibers  are  shown 
in  Fig.  4.  The  full  width  1-dB  excess  loss  ranges  are  1.8  ^im  ,  2.2p.m  and  15  fim 
respectively.  These  relaxed  tolerances,  together  with  the  very  low  2  dB  measured  coupling 
loss  per  facet,  demonstrate  the  advantage  of  using  the  passive  waveguide  beam  expanders 
in  these  devices.  The  wide  spectral  response  of  the  device  indicates  that  operation  over  a 
wide  temperature  range  is  possible  [6].  These  relaxed  tolerances  may  result  in  simplified 
packaging  schemes  and  reduced  costs  for  packaged  devices. 
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In  conclusion,  we  demonstrate  a  polarization  independent  semiconductor  optical 
amplifier  integrated  with  two  electroabsorption  modulators,  with  moderate  -  9dB  fiber  to 
fiber  optical  gain.  Such  devices  may  be  useful  for  low  cost  FTTL  and  WDM  systems. 
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FIGURE  CAPTIONS 

1.  Schematic  description  of  the  device. 

2.  Response  of  the  electroabsorption  modulator  for  different  polarizations  and  input 
wavelengths. 

3.  Small  signal  frequency  response  of  the  ouq)ut  modulator. 

4.  Misalignment  tolerances  for  coupling  into  a  lensed  fiber. 


TAPER  MODULATOR  AMPLIFIER  MODULATOR  TAPER 


Fig.  1. 


Excess  Loss  (dB) 


REVERSE  BIAS  VOLTAGE  (VOLTS) 

Fig.2. 


Distance  from  facet  (jam) 

0  S  10  15  20  2S  30 


IThD3-l  /  649 

Large-Spot  Laser  Diodes  with  Stabie  Carrier  Frequency  by  an 

Externai  Fiber  Grating 

R.  Zengerle.  H.  Burkhard,  R.  Ries,  B.  Hubner*,  Ch.  Greus,  E.  Kuphal 


Deutsche  Telekom  AG,  Technologiezentrum, 

Am  Kavalleriesand  3,  64295  Darmstadt,  Germany, 
Phone:  +49  6151  838380  Fax:  +49  6151  834988 

*Technische  Physik,  Universitat  Wurzburg, 

Am  Hubland,  97074  Wurzburg,  Germany 


1  Introduction: 

Low-cost,  wavelength  stabilized  laser  modules  are  an  important  prerequisite  for 
large-scale  applications  of  passive  optical  transmission  systems  in  the  access 
network.  One  way  to  achieve  this  is  to  use  a  laser  diode  coupled  to  a  lensed  fiber 
incorporating  a  UV  written  grating  [1].  Here,  the  wavelength  stability  is  mainly 
determined  by  the  low  temperature  dependence  of  fiber  Bragg  gratings.  In  order  to 
reduce  costs  further,  low-loss  chip  fibre  coupling  with  large  alignment  tolerances  is 
required.  Spot-size  transformation  by  a  separate  intermediate  waveguide  chip  using 
tapers  has  been  shown  [2]  to  be  a  convenient  way  for  the  necessary  spot-size 
adaption.  However  to  reduce  the  problem  of  all  alignment  tolerances  significantly, 
monolithic  integration  of  the  spot-size  adaption  on  a  semiconductor  chip  itself  has 
been  demonstrated  using  a  vertical  [3]  or  lateral  [4]  taper.  Replacing  the  upper 
passive  waveguide  by  an  active  one  leads  to  a  Fabry-Perot  laser  with  integrated 
spot-size  transformation  [5].  The  integration  of  a  DBR  laser  with  a  bulk  active  region 
using  a  simple  taper  structure  was  also  published  [6].  We  recently  reported  on  the 
successful  integration  of  a  DFB  laser  and  a  spot-size  transformer,  combining  the 
good  lasing  characteristics  and  low  loss  chip  fiber  coupling  [7].  Here  we  present  a 
modification  of  this  design,  using  a  fiber  grating  as  external  wavelength  reference, 
suitable  for  operation  at  bitrates  of  at  least  2.5  Gbit/s. 


Device  structure: 

The  complete  fiber  grating  laser  with  integrated  spot-size  adaption  is  shown  in  Fig.  1 
and  is  based  on  our  layout  for  a  large  spot  GalnAsP/lnP  DFB  laser,  however, 
without  the  phase-shifted  grating.  The  semiconductor  structure  consists  of  two  parts, 
the  amplification  section  and  the  double  waveguide  spot-size  transformer.  The 
amplification  section  is  a  constricted  mesa  multiple  quantum  well  (MOW)  type  with  8 
quantum  wells.  To  simplify  the  processing  sequence,  the  laser  waveguide  is  also 
used  as  the  tapered  upper  waveguide  of  the  spot-size  transformer.  A  mushroom 
fabrication  technique  [8]  is  used  for  the  lateral  definition  of  the  laser  waveguide. 

The  overall  (not  jet  optimized)  chip  length  was  around  900  pm  (240  pm  for  the 
amplification  section,  560  pm  for  the  linear  taper  section,  followed  by  the  fiber 
matched  output  waveguide).  As  wavelength  reference  a  cleaved  commercially 
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available  grating  (length:  2  mm)  in  a  standard  single-mode  fiber  with  a  peak 
reflectivity  of  about  45  %  (bandwidth  0.5  nm,  FWHM)  was  directly  butt-coupled. 
Instead  of  a  glue,  we  used  refractive  index  liquid  between  chip  and  fiber,  matching 
the  fiber  refractive  index.  On  the  fiber  side  of  the  chip  an  AR  coating  was  sputtered 
with  a  residual  reflectivity  of  about  1  %  between  the  chip  and  matching  liquid, 
whereas  the  other  end  of  the  chip  was  left  as  cleaved. 


Experimental  results: 

Threshold  currents  down  to  40  mA  (at  25“  C)  were  achieved  for  the  fiber-grating 
semiconductor  lasers.  In  the  output  power/current  (P-l)  characteristics  at  the  end  of 
the  single-mode  fiber  no  kinks  were  observed  in  the  measured  range  of  the  driving 
current  (up  to  lp=  90  mA,  Fig.  2).  The  present  differential  quantum  efficiency  of  the 
grating  stabilized  laser  is  4.4%  in  our  setup.  This  value  includes  the  loss  of  the 
optical  isolator  and  the  fiber  connectors.  Using  an  appropriate  high  reflection  coating 
at  the  rear  facet  of  the  laser  diode  will  reduce  the  optical  power  loss  and  thus 
increase  the  efficiency. 

Only  one  strong  emission  line  at  the  wavelength  of  1534  nm  was  measured  in  the 
CW  emission  spectrum  with  a  side-mode  suppression  ratio  (SMSR)  of  more  than  45 
dB  (Fig.  3).  The  measured  modulation  transfer  function  (Fig.  4)  indicates  a 
modulation  bandwidth  of  more  than  3.5  GHz  (-3  dB  value,  measured  at  a  driving 
current  of  70  mA). 

The  large  output  spot  size  together  with  its  smaller  (unguided)  angular  divergence 
leads  to  drastically  increased  alignment  tolerances  for  several  important  device 
parameters.  Stable  operation  with  a  sidemode  suppression  still  exceeding  30  dB 
was  maintained  for  a  lateral  displacement  in  a  total  range  of  9  pm  horizontally  and  8 
pm  vertically  with  the  grating  in  a  standard  single-mode  fibre.  For  larger  fiber 
displacements  the  stabilization  effect  of  the  grating  is  reduced  and  the  laser  diode 
eventually  starts  lasing  at  its  gain  maximum,  which  is  near  1525  nm.  The  tolerance 
values  for  a  1  dB  decay  in  the  output  power  are  +/-  2.1  pm  horizontally  and  +/-  1.7 
pm  vertically,  thus  beeing  only  slightly  smaller  than  in  the  case  of  coupling  between 
two  standard  single  mode  fibers. 

In  comparison  to  the  lensed  fiber  design  with  a  relatively  small  depth  of  focus, 
longitudinal  alignment  requirements  are  also  significantly  reduced.  In  the  range 
between  5  pm  and  25  pm  (for  the  facet  to  fiber  distance)  the  maximum  reduction  of 
the  output  power  was  less  than  1  dB. 

The  laser  has  been  operated  with  1  mW  of  output  power  at  temperatures  up  to  45°C 
without  significant  reduction  in  its  spectral  purity. 


Conclusions: 

The  emission  characteristics  of  a  semiconductor  laser  chip  with  monolithically 
integrated  laterally  tapered  spot-size  transformer  on  InGaAsP/lnP  and  external 
wavelength  stabilization  by  a  fiber  grating  were  demonstrated.  Despite  the  relatively 
simple  design  good  high  speed  modulation  performance  exceeding  3.5  GHz  were 
demonstrated  and  therefore  confirm  the  attractivity  of  this  setup  for  low-cost  laser 
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components  in  optical  transmission  systems,  especially  in  the  access  network.  Even 
this  simple  design  can  be  used  for  systems  with  bitrates  of  up  to  2.5  Gbit/s. 

Stable  operation  was  demonstrated  for  lateral  fiber  alignment  tolerances  even  in  the 
2  pm  range.  Thus  our  concept  is  well  suited  for  low-cost  silicon  motherboard  or 
polymer  packaging  techniques. 


Cleaved  Facet 


AR  Coated 
Front  Facet 


UV  written 
Fibre  Grating 


Fig.  1 :  Schematic  diagram  of  the  laser  with  monolithically  integrated  spot-size 

transformer  and  external  fiber  grating. 


Fig.  2:  P-l  characteristics  for  the  complete  fiber  grating  laser  at  the  end  of  the 

fiber,  containing  the  Bragg  grating. 
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Fig.  3:  Laser  spectrum  for  L  =70  mA  at  the  output  of  a  standard  single-mode 

fiber. 
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Fig.  4:  Modulation  transfer  function  of  the  fiber  grating  laser  (Ip  =70  mA). 
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The  last  several  years  has  seen  increased  research  and  development  in  bringing  the 
enormous  information  bandwidth  to  homes  through  the  medium  of  the  glass  fiber  and 
using  optical  communication  techniques.  World-wide  research  on  semiconductor  devices 
for  fiber-to-the-home  (FTTH)  and  fiber-in-the-loop  (FITL)  applications  has  concentrated 
on  realizing  components  for  this  large  market  which  have  special  attributes  as  compared  to 
other  application  areas.  The  devices  need  to  be  low  cost,  highly  reliable,  in  large  volume, 
and  have  good  performance.  Cost  of  manufacturing  a  semiconductor  device  is  related  to 
the  complexity  of  fabrication,  the  number  of  epitaxial  growths  needed  and  to  the  overall 
yield  of  the  process  technology.  Packaging  also  adds  to  cost,  particularly  when  there  are 
optical  interfaces.  In  an  effort  to  drive  down  costs,  one  must  not  sacrifice  performance. 
Several  research  laboratories  around  the  world  are  actively  investigating  these  issues  for 
different  semiconductor  photonic  and  electronic  devices  that  are  envisioned  to  form  the 
backbone  of  FTTH  systems.  In  this  talk,  we  shall  examine  the  photoreceiver  in  particular, 
consisting  of  a  photodetector  followed  by  a  preamplifier,  and  consider  issues  related  to  its 
role  in  FTTH/FITL  systems. 

There  are  essentially  four  types  of  photodetectors  that  could  be  of  particular  use  in 
optical  communication  systems.  These  are  the  p-i-n,  the  M-S-M,  the  APD,  and  the 
phototransistor.  Among  these,  the  M-S-M  photodetector,  though  a  very  simple  device, 
has  not  been  used  in  any  communication  system,  though  it  has  found  use  in  optical  back 
planes  of  computers.  The  device  has  several  non-linear  characteristics  that  make  it 
unsuitable  for  FTTH  applications.  The  phototransistor  has  potential  in  this  area,  but  is  a 
more  complicated  device,  and  certainly  needs  more  fabrication  steps  than  a  simple  p-i-n. 
However,  its  strength  lies  in  the  fact  that  it  can  be  monolithically  integrated  with 
preamplifier  electronics  using  the  same  epitaxial  material.  Both  high  speed  and  high 
performance  has  been  demonstrated.  Nevertheless,  it  must  be  borne  in  mind  that  the 
phototransistor  needs  to  be  physically  a  small  device  relative  to  a  p-i-n,  and  therefore 
could  make  coupling  of  light  into  it  a  little  more  harder  than  a  p-i-n.  Fabricating  an  integral 
lens  on  the  back  of  the  wafer  to  ease  the  coupling  of  light  from  the  fiber  into  the 
phototransistor  is  a  distinct  possibility,  as  is  being  done  in  the  case  of  some  p-i-n 
photodetectors.  The  avalanche  photodiode  (APD)  improves  system  performance  by  atleast 
8-10  dB  and  is  an  attractive  candidate  for  systems  that  require  that  additional  margin. 
However,  it  is  a  more  subtle  device,  and  proper  performance  can  only  be  achieved  with 
careful  device  fabrication,  epitaxy,  and  device  design.  Moreover,  it  also  requires  higher 
operating  voltages,  which  may  not  be  an  issue  for  certain  types  of  superlattice  APDs. 
Nevertheless,  an  APD  is  probably  the  most  costly  photodetector  in  the  market  today,  and 
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it  would  not  be  used  in  most  FTTH  systems  except  where  the  additional  performance 
overrides  the  cost  issues.  Also,  it  would  also  not  be  possible  to  re-engineer  the  device  to 
meet  the  low-cost,  high  volume,  large  yield  targets  of  FITL. 

That  leaves  the  simple  p-i-n  photodiode  as  the  most  viable  and  cost-effective 
photodetector  for  most  applications.  Both  planar-  and  mesa-type  p-i-ns  are  available  and 
been  used  in  real  systems  with  excellent  performance.  Intergral  lenses  have  eased  optical 
coupling  from  a  fiber  and  reduced  packaging  costs.  Development  of  solder  bumps  on  the 
surface  have  enabled  flip-chip  bonding  the  p-i-n  directly  to  preamplifier  electronics. 
Waveguide  p-i-n  photodiodes  have  now  been  engineered  for  use  with  guided-wave 
platforms  such  that  the  optical  coupling  from  the  waveguide  into  the  p-i-n  is  optimized 
without  complicating  the  alignment  procedures.  Since  most  FTTH/FITL  systems  today  are 
not  very  high  speed,  the  requirements  on  the  photodetector  are  very  relaxing  and  therefore 
helps  in  achieving  a  high-yield-low-cost  target. 

As  the  knowledge-base  on  FTTH  systems  increases,  there  are  newer  architectures 
that  are  being  constantly  proposed.  Some  of  these  architectures  are  based  on  wavelength 
division  multiplexed  (WDM)  systems.  A  very  important  component  in  these  approaches  is 
a  multichannel  receiver  array,  which  can  simultaneously  detect  optical  signals  originating 
from  different  sources.  The  only  cost  effective  solution  to  realizing  such  a  component  is 
the  monolithic  integration  of  the  array  of  photodetectors  with  an  array  of  preamplifier 
electronics.  Several  groups  world-wide  have  demonstrated  such  photoreceivers  with 
excellent  performance  and  reasonable  yield.  The  primary  issue  in  such  implementation  is 
the  electrical  crosstalk  arising  between  channels  due  to  shared  power  supplies  and  close- 
proximity  of  the  signal  paths.  Proper  engineering  of  the  chip  and  the  chip  carrier  should 
minimize  the  problem  and  make  monolithic  array  photoreceivers  a  viable  solution  for 
ceratin  WDM  systems  in  FTTH/FfTL  architectures.  Another  component  which  could  have 
some  practical  use  is  a  multiwavelength  demultiplexed  receiver,  capable  of  spectrally 
resolving  each  of  the  multiple  wavelengths  received  on  a  single  fiber  and  detecting  the 
optical  signals.  Such  a  monolithic  demultiplexed  receiver  would  minimize  the  number  of 
optical  interfaces  and  therefore  the  cost  of  the  complete  subsystem.  Research  groups 
around  the  world  are  working  on  such  photoreceivers  and  the  performance  has  been 
steadily  improving.  There  is  nevertheless  much  engineering  to  be  done  for  such  a 
component  to  become  viable  in  a  real  system. 

In  summary,  although  the  photoreceiver  is  a  relatively  simple  component  in  any 
optical  communication  system,  there  are  several  issues  to  be  considered  when  such  a 
component  is  be  used  in  a  FTTH/FITL  system.  We  have  highlighted  key  device  and 
technology  issues  that  influence  the  cost,  yield  and  performance  of  a  variety  of 
photodetectors.  Merits  of  monolithic  integration  of  the  photodetector  with  preamplifier 
electronics  have  been  enumerated,  particularly  for  applications  in  multichannel 
architectures.  Re-engineering  the  photoreceiver  appears  to  be  the  path  towards  realizing 
cost-effective  solution  for  applications  in  the  expanding  field  of  delivering  broadband 
services  to  the  home  on  a  fiber. 
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